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ABSTRACT

Mal Secco is a severe disease of citrus in which the fungus Plenodomus
tracheiphilus (formerly Phoma tracheiphila) penetrates the vascular
system of the host. In this study, we characterized the spatial dynamics of
the disease in seven lemon orchards. A representative block of trees from
each orchard was evaluated monthly during 3 consecutive years. In
addition, scouts assessed disease severity in 75 orchards from three
different geographical regions and tested for association between disease
severity and measures of orchard management, environmental factors,
cultural practices, and cultivar type. We assessed disease incidence and
characteristics of spatial patterns using Ripley’s K function and fitted
logistic regression models for different neighboring tree structures
followed by model selection methods to provide insight into the spatial
and temporal dynamics of disease progress. We found different rates of
disease spread in different orchards, which are most likely the result of

differences in orchard management practices or less likely the result of
differences in climatic conditions. There was an indication that
agricultural tools contribute to spread of the disease within rows of
trees. The results confirm that the lemon cultivar Interdonato is less
susceptible compared with other citrus cultivars, and they suggest that
the density of urban terrain surrounding each orchard is positively
correlated with the severity of the disease. In contrast to our expecta-
tions, no correlation was found between the density of lemon orchards
surrounding an orchard and the severity of the disease within it, which
corroborates previous findings regarding the limited distribution of the
disease.

Keywords: citrus, ecology and epidemiology, land use, multiple re-
gression model, Plenodomus tracheiphilus, Ripley’s K

One of the key goals of epidemiological research is to identify the
variables affecting the spread or severity of diseases (Blank et al.
2016, 2019b; Campbell and Madden 1990; Firester et al. 2018).
Studies based on large-scale surveys are not common for emerging
infectious diseases (Meentemeyer et al. 2012) and typically focus
on correlating disease incidence with environmental (e.g., soil type
or pH) and/or climatic conditions (Aguayo et al. 2014; Lamichhane
et al. 2014). Only a few studies have explored the relationship
between disease incidence and variability associated with the crop
management practice, including rootstock and cultivar, or planting
distance (Blank et al. 2016, 2019b; Shtienberg 1996; Thébaud et al.
2006). Even less common are studies that use amultiscale approach
(Blank and Blaustein 2014; Blank et al. 2013) to study disease
distribution (Blank et al. 2016, 2019b; Ostfeld et al. 2005).
Mal Secco is a severe disease of citrus targeting the vascular

system of the host, and it is caused by the mitosporic fungus
Plenodomus tracheiphilus (formerly Phoma tracheiphila) (de
Gruyter et al. 2013; Nigro et al. 2011). It was first reported in
1894 on citrus growing on islands in Greece, but since that time, it
has spread to almost the entire Mediterranean Basin and the Black
Sea (Nigro et al. 2011). Field observations suggest that the most
susceptible citrus species are lemon (Citrus lemon), citron (Citrus
medica), and lime (Citrus aurantifolia), but almost all citrus species
are susceptiblewhen artificially inoculated (EPPOCABI 1997). An
infected host shows a substantial reduction in crop yield, resulting in

an economic impact to lemon production where the pathogen
occurs (Migheli et al. 2009). Moreover, neither fungicidal nor other
methods of control have proven efficacious, forcing growers to
revert to less susceptible cultivars that are characterized by poor
commercial quality with a reduced number of fruit compared with
susceptible cultivars (Gulsen et al. 2007; Nigro et al. 2011). It was
estimated that control of the disease would result in doubling of
lemon production in affected regions (Cutuli 1985). In 2016, global
lemon production was estimated to be 19 million tons, with 18%
produced in regions affected by Mal Secco disease (Food and
Agriculture Organization of the United Nations 2016). Phytosani-
tary regulations are imposed on fruit from countries in Mal Secco-
endemic regions. Any exported fruit must originate in orchards free
of Mal Secco disease, and the orchards must be at least 1 km from
the nearestMal Secco-diseased tree. These regulations have serious
economic implications for countries where the disease has been
detected (D. Ezra, personal communication).
The epidemiology of Mal Secco was described previously

(Migheli et al. 2009; Nigro et al. 2011). Briefly, spores are
dispersed from pycnidia on infected plant tissue by wind and rain,
and they can infect leaves, branches, or other plant parts on the
same or nearby trees. Infection occurs at temperatures between 14
and 28�C (Migheli et al. 2009). In Israel, infections commence in
early spring (lateMarch) and continue until the beginning of June.
The spores germinate and penetrate the host through wounds
(EPPO CABI 1997). The newly developed mycelia enter a
dormant stage that ends when temperatures rise in the spring to
early summer (Nigro et al. 2011). At this stage, the pathogen
penetrates the xylem and grows basipetally through the host
branches into the main trunk of the tree, eventually reaching the
roots. During midsummer, when temperatures are >28�C, fungal
growth ceases. Infected trees begin to show symptoms of the
disease during spring and early summer. Disease progress is
usually renewed during late summer when the temperatures again
fall below 28�C (Nigro et al. 2011). Between early November and
the end of December, it becomes too cold (<14�C) for the
pathogen to develop further in the plant, and it produces pycnidia
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that will serve as the source for new infections the following
season. Pycnidia are considered the primary mode of infection.
Another spore type exists that is a secondary mode of infection.
Production of “phialoconidia” is from the fungal myceliumwithin
the xylem, and they are dispersed by the transpiration flow to
remote, disease-free parts of the host, where they germinate and
cause additional disease. This process occurs during growth of the
mycelium from spring to the beginning of winter (Migheli et al.
2009). Thus, there can be more than one cycle of infection.
Furthermore, in addition to the infection cycles that occur during
thewinter, newly appearing pycnidia in the autumnmay serve as a
source of infection at the beginning of the rainy season in Israel.
The secondary mode has several cycles of infection during the
mycelia growth period.
Controlled experiments have demonstrated that woody material

found in the soil acts as a source of the inoculum for periods longer
than 4months, suggesting that material left on the ground following
pruning can act as an inoculum source for weeks (De Cicco et al.
1984). Finally, fungal propagules were also detected in the first
10 cm of the soil layer, providing another potential source of
inoculum (Licciardello et al. 2006; Russo et al. 2009).
Cultural practices are also relevant and can facilitate or prevent

infection by P. tracheiphilus. For example, frequent irrigation
combined with high levels of nitrogen fertilization favors disease
spread, and soil tillage during periods when inoculum is abundant
can increase the risk of root infection (Nigro et al. 2011; Ruggieri
1948; Raciti et al. 1990). However, refraining from soil tillage is
also unfavorable because it allows roots to reach the upper layers
of the soil, and thus, it exposes rootlets to the risk of infection by
the fungal propagules found in the soil (Nigro et al. 2011). To
prevent dispersal and spread of the disease, growers are recom-
mended to remove and eliminate infected plant debris that falls to
the ground following sanitation pruning because it can otherwise
become a source of inoculum in the orchards. The timing of
sanitation pruning is also critical, and it is advisable to prune
repeatedly before disease symptoms become evident (Traversa

et al. 1992). This is recommended especially for young trees.
Sanitation pruning older, chronically diseased plantsmay result in
more abundant vegetation and faster colonization of healthy
branches because the disease cannot be completely eradicated
from a tree (Nigro et al. 2011).
Studying spatial patterns of diseased plants over time can

provide us with information about infection patterns, dispersal
processes, and disease development as well as insight into the
interaction of biological, physical, and environmental factors
involved in shaping these processes (Blank et al. 2016). Our goal
was to use statistical methods to quantitatively identify the spatial
patterns of disease progress and thus, gain understanding of the
biological and physical mechanisms underlying them. The
specific aimswere (i) to characterize the spatiotemporal dynamics
of disease spread during 3 years, (ii) to identify cultural practices
that may contribute to disease spread, and (iii) to identify physical
and environmental factors that play a role in infection and disease
dispersal.

MATERIALS AND METHODS

From 2015 to 2017, we assessed severity of Mal Secco at two
different scales: (i) infected trees within orchards to investigate
spatial and temporal dynamics of the disease within orchards
and (ii) infected orchards in different geographical regions to
characterize the effect of cultural practices and environmental
factors on Mal Secco disease. All surveys were performed by field
scouts trained to identify typical symptoms ofMal Secco: yellowing
of leaves, shedding of leaves while leaf petioles remain attached to
the branch, dead and dry branches with evidence of sectorial
dieback, and trees with dead branches bearing mummified fruit. In
cases where dead trees were present in the orchard, the following
symptoms were evaluated: presence of mummified fruit, fungal
fruiting bodies on dry tissue, and discoloration of the xylem in tree
stumps (Migheli et al. 2009).

Spatial and temporal dynamics of the disease within
orchards. We studied the spatial distribution and spatial dynamics
of Mal Secco disease in four lemon orchards located in the coastal
plain of central Israel and three lemon orchards located in the
northwestern Negev Desert in southern Israel between 2015 and
2017 (Fig. 1A and Table 1). Once a month, the scouts surveyed a
representative block of trees within each orchard that consisted of
10 rows, each with 20 to 30 trees.
Assessment of disease severity. Scouts visually estimated the

severity of symptoms of Mal Secco on each tree using an ordinal
scalewith seven classes where 1 = healthy tree, showing no signs of
infected twigs or branches; 2 = tree has a single diseased twig; 3 =
tree with several infected twigs; 4 = tree with a single infected
branch or five infected twigs; 5 = tree with more than five infected
branches and a thin tree crown; 6 = tree is dead; and 7 = uprooted
tree. Uprooted trees were considered to be infected with P.
tracheiphilus only if they originated from an infected plot having
at least three of the symptoms of the disease as described in the
previous section. In addition, we checked several trees in each plot
for the presence of orange pigment in the xylem of diseased trees.
Orange pigment in the xylem is a typical symptom of Mal Secco
disease (Migheli et al. 2009). Inmost plots, we verified the presence
of the pathogen in randomly chosen trees using PCR to detect
P. tracheiphilus in samples of leaves, shoots, or the trunk following
established protocol (Ezra et al. 2007). Samples for PCR were
collected from live trees only because dead trees were either
completely dry or uprooted and removed from the orchards. In each
orchard, the scouts also interviewed the farmer to understand why
the treeswere uprooted and to determinewhether they had exhibited
symptoms of Mal Secco.
However, mild symptoms of Mal Secco may be easily confused

with other disorders, including stress or frost. In addition, the PCR
tests used to detect P. tracheiphilus of trees with mild symptoms
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Fig. 1. Lemon and lime orchards surveyed for incidence and severity of Mal
Secco disease. A, Study area of disease occurrence within orchards: light gray
circles denote the four lemon orchards that were surveyed in the coastal plain
of central Israel, and dark gray circles denote the three lemon orchards that
were surveyed in the Negev Desert of southern Israel. B, Study area of disease
occurrence in three different geographical regions: the white circles denote 23
lime orchards surveyed in the Hula Valley of northern Israel, the light gray
circles denote 26 lemon orchards surveyed in the coastal plain of central Israel,
and the dark gray circles denote 26 lemon orchards surveyed in the Negev
Desert of southern Israel.
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were not conclusive. Because of these issues, we decided to
conservatively define a tree with Mal Secco as one rated as class 5
or higher and distinguish it from healthy trees rated as class 4 or
lower.
Estimating the rate of disease progress. To study disease

progress in each of the orchards, we calculated disease incidence as
the percentage of infected trees identified in each month. Although
most infections with P. tracheiphilus occur during late autumn and
winter, additional infection events are possible if inoculum and
open wounds occur simultaneously throughout the season (Nigro
et al. 2011). Therefore, we considered Mal Secco as a polycyclic
disease, and we used a nonlinear least squares regression with a
logistic fit to characterize the change in disease incidence over time.
Next, a logit transformation of disease incidence was used to
calculate the rate of disease progress (r) in each of the surveyed
orchards (Van der Plank 1963).
Spatial distribution pattern. To assess spatial distribution

pattern in each orchard, Ripley’s K function (Blank et al. 2019a;
Ripley 1976) was used, where each tree receives a value of K(r)
representing the number of neighboring infected trees in a radius r
calculated as follows:

KðrÞ=   a

nðn _ 1Þ � å
i;j
I
�
di;j £ r

� � ei;j

where a is the area of the sampled block of trees, n is the number of
infected trees in the block, and I receives a value of zero or one to
denote the presence of infected treeswithin radius dof the focal tree.
Radius d is defined to be equal or smaller than radius r. Finally, e is
a function correcting for the outer limits of the tree block. We
compared the calculated value ofKwith a theoretical estimate ofK,
which assumes a random distribution of infected trees within each
block. A calculated value ofK higher than the theoretical estimate is
indicative of clusters of diseased trees.
Spatial dynamics. Finally, we assessed the spatial dynamics of

disease progress in each of the orchardswhere an increase in disease
incidence was observed over time and where we identified clusters
of infected trees using Ripley’s K function. The goal was to
distinguish between three different patterns of disease spread: (i)
disease being transmitted within the tree rows, (ii) disease being
transmitted across the tree rows, and (iii) omnidirectional patterns
of disease transmission. To differentiate between these three
patterns of disease spread, we followed a model selection approach
and compared three different logistic regression models, each
corresponding to one of the three different spatial patterns of
disease transmission (Sparks et al. 2008). For each model, a logistic
regression analysiswas used to relate disease incidence in every tree
with that of its neighboring trees. For each week t, let Zt(x) be the
disease severity of an arbitrary focal tree at location x within the
block, and let Zt(x + 1) and Zt(x

_ 1) be those of its neighbors
(depending on if it is within-row, between-row, or omnidirectional
transmission that is been evaluated). The disease severity of the
arbitrary tree Zt(x) is then regressed on the mean disease severity of
the neighboring trees:

bZtðxÞ=   1
2
� ðZtðx _ 1Þ+ Ztðx + 1ÞÞ

To determine the appropriateness of the model, three goodness
of fit parameters were used: the coefficient of determination (R2),
the regression P value, and the Akaike information criterion
(AIC) value. The following packages were used in estimating the
rate of disease progress and for the spatial dynamics analyses:
“spatstat” (Baddeley et al. 2015), “pracma” (Borchers and
Borchers 2019), “stringr” (Wickham 2010), “tidyr” (Wickham
and Henry 2017), “GGally” (Schloerke et al. 2011), “lsmeans”

(Lenth and Lenth 2018), and “ggplot2” (Wickham 2016). All
statistical tests were performed using R version 3.3.0 (R Core
Development Team 2014), and all results are reported as means ±
1 standard error.

Characterizing effects of cultural practices and envi-
ronmental factors. The study area comprised 75 lemon and
lime orchards, each of which were surveyed, from three distinct
geographical regions in Israel: 23 lime orchards from the Hula
Valley of northern Israel, 26 lemon orchards from the coastal
plain of central Israel, and 26 lemon orchards from the
northwestern Negev Desert in southern Israel between 2015
and 2017 (Fig. 1B). The severity of disease symptoms in the
orchards and the association with cultural practices and
environmental factors were explored by correlation analysis.
Further details of the variables recorded for each orchard are
listed below.
Assessment of disease severity. Scouts visited each orchard

once a year during April andMay. The scouts walked between the
tree rows observing the canopy and looking for characteristic
symptoms of Mal Secco disease. The number of randomly
selected surveyed rows in each orchard was proportional to the
size of the orchard (e.g., 4 rows were evaluated in a 10-row
orchard, 8 rows were evaluated in a 20-row orchards, and so on).
The severity of the disease was estimated for each orchard as a
whole using a 7-class ordinal scale: 1 = all trees observed as
healthy, 2 = a few trees in the orchard with infected twigs, 3 =
trees with a few infected branches but no trees withmany infected
branches, 4 = at least one tree with many infected branches but
no dead or uprooted trees, 5 = £10% dead or uprooted trees, 6 = 10
to 50% dead or uprooted trees, and 7 = ³50% dead or uprooted
trees.
Tree and location variables. Seventeen additional variables

that might affect incidence and progression of Mal Secco were
recorded for each of the 75 surveyed orchards. Since 2001, the
effects of the landscape on species distribution in general (Atauri
and de Lucio 2001; Blank and Blaustein 2012; Marmen et al.
2016) and specifically on infectious disease (Blank et al. 2019b;
Meentemeyer et al. 2012; Ostfeld et al. 2005; Plantegenest et al.
2007) have received increased attention, demonstrating the
impact of landscape composition on disease persistence and
severity.

1. Geographical region. There were three distinct geograph-
ical regions: (i) the coastal plain in central Israel, which is
characterized by Mediterranean climate of hot and dry
summers and cool rainy winters; (ii) the Hula Valley in
northern Israel, which is enclosed within two mountain
ranges and is thus characterized by more extreme daily
and seasonal temperature fluctuations than the coastal
plain; and (iii) the Negev Desert in southern Israel, which
is characterized by an arid climate (Goldreich 2003).

2. Area. The area of each orchard was measured in meters2 to
allow for standardizing overall disease severity and progres-
sion in orchards of different size.

TABLE 1. Description of the seven plots of lemon used to study the within-
orchard spatial and temporal dynamics of Mal Secco disease

Plot Region
Age

(years)
Lemon
cultivar Rootstock

Spacing (between
row [m] × within

row [m])

6024 Center 8 Eureka Allen NAa 5 × 3
9080 Center 5 Eureka Allen NA 5 × 3
9694 Center 24 Eureka Allen NA 6 × 3
36030 Center 24 Eureka Allen Khushkhash 6 × 3
8168 Center 17 Eureka Allen Volka 7 × 4
51083 South 18 Eureka Allen Khushkhash 6 × 3
81340 South 8 Eureka Allen Volka 6 × 3

a NA, information was not available.
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3. Age. Time in years since the orchard was planted. Previously
reported findings indicate greater disease susceptibility in
young trees (Migheli et al. 2009).

4. Cultivar. The cultivar of the citrus species grown in the
orchard. Cultivars may vary in susceptibility to Mal Secco
disease (Solel and Oren 1975; Solel and Spiegel-Roy 1978).

5. Rootstock. The rootstock type of the citrus species grown
in the orchard. Rootstock may affect susceptibility to
Mal Secco disease (Solel and Oren 1975; Solel and
Spiegel-Roy 1978).

6. Distance between rows. The distance in meters between
adjacent rows.

Fig. 2. The change in the number of citrus trees with symptoms of Mal Secco disease over the course of the study. The change in the number of infected trees at
three representative assessment times in A, four orchards from the coastal plain in central Israel and B, three orchards from the Negev Desert in southern Israel. The
three assessments represent the first month that each orchard was surveyed, the last month that each orchard was surveyed, and the middle month in the survey
period. Each tile denotes either an infected tree (dark gray) or a healthy tree (light gray). White tiles denote either absent trees or trees that were not assessed at that
time.
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7. Distance between trees within rows. The distance in meters
between trees within the same row.

8. Number of irrigation lines. The number of irrigation lines
per tree row. Orchards had rows with either a single irrigation
line parallel to one side of the row or two irrigation lines
parallel on either side of the row. Irrigation may affect the
disease (Raciti et al. 1990; Ruggieri 1948).

9. Precipitation. The mean annual rainfall in millimeters was
extracted from a raster data file (1 pixel = 300 m) provided
by the Israel Meteorological Service (Tel Aviv, Israel).

10. Elevation: Digital terrain model (DTM; 1 pixel = 25 m) of
Israel created by Hall (2008) was used to derive the elevation
of each orchard. Elevation can affect both abundance and
richness of fungal species (Fisher and Fulé 2004; Talley
et al. 2002).

11. Slope: This DTM of Israel was also used to calculate the
elevation difference between the highest and lowest points
in each orchard as an estimate of orchard slope. The slope
affects the amount of solar radiation striking the surface,
which in turn, affects the temperature and soil moisture
(Bennie et al. 2008).

12. Urban terrain. The total area of urban terrain within a radius
of 500 m surrounding each orchard as extracted from a
geographical information system (GIS) land use layer (1
pixel = 100 m) obtained from the Ministry of Agri-
culture and Rural Development of Israel (Rishon LeZion,
Israel).

13. Plantations. The total area of deciduous and evergreen orchards
within a radius of 500 m surrounding each orchard as extracted
from a GIS land use layer (1 pixel = 100 m) obtained from
the Ministry of Agriculture and Rural Development of Israel.

14. Crop fields. The total area of crop field within a radius of
500 m surrounding each orchard as extracted from a GIS
land use layer (1 pixel = 100 m) obtained from the Ministry
of Agriculture and Rural Development of Israel.

15. Surrounding natural area. Total natural area within a radius
of 500 m surrounding each orchard as extracted from a GIS
land use layer (1 pixel = 100 m) provided by the Ministry of
Agriculture and Rural Development of Israel.

16. Citrus. The total area of citrus orchards within a radius of
500 m surrounding each orchard as extracted from the AgriTask
online farm data management system of Israel (https://
www.agritask.com/index.html?dsfx=m; Tel Aviv, Israel).

17. Lemon orchards. The total area of susceptible citrus species
(lemon, citron, and lime) within a radius of 500 m surrounding
each orchard as extracted from the AgriTask online farm
data management system of Israel.

A univariate analysis of variance was used to check if cultivar
typewas confounded by orchard age.Value of<0.05was considered
to be significant.
Multiple regression model analysis. Neter et al. (1989)

suggested that multicollinearity is considered severe when the
variance inflation factor (VIF) is >10. We calculated the VIF using
the function “vif” from the R package “usdm” (Naimi et al. 2014).
In the dataset, the highest VIF was greater than five. Next, we
reduced the number of explanatory variables to seven by their
importance to have at least 10 observations per variable. Two
different criteria for ordering the explanatory variables were used
by their importance. (i) The LMG (proposed by Lindemann et al.
1980) indexwas calculated using the function “calc.relimp” in theR
package “relaimpo” (Grömping 2006); this index calculates the
average R2 value of all models for a specific number of variables
and produces a value between zero and one. The LMG index
represents the relative importance of each explanatory variable.
(ii) The function “varImp” in the R package “caret” was used
(Kuhn 2015) to calculate the relative importance of each explan-
atory variable; this function calculates the decrease in prediction
power for the omission of a given explanatory variable from the
model. Once again, each variable receives a standardized value
between zero and one that represents its relative importance.
Next, three models were generated to study the associations
between the variables and disease severity: the LMG index model

Fig. 3. The change in incidence of Mal Secco disease in orchards in Israel over
the course of the study. A, The change in disease incidence (percentage of
infected trees) over the course of the study for each of the five orchards for
which disease incidence increased over time. B, The logit-transformed disease
incidence over time including a linear regression solution for each of the five
orchards. The value of the slope denotes the rate of disease progress (r) for
each orchard.

TABLE 2. Pairwise comparisons of the rate of progress of Mal Secco disease
in five citrus orchards in Israel

Contrasta Estimateb ±SEc d.f.d t statistice P valuee

6024–9080 –0.000623 0.000357 89 –1.747 0.4111 (NSf)
6024–9694 0.001777 0.000361 89 4.925 <0.0001
6024–51083 0.002363 0.000494 89 4.789 0.0001
6024–81340 –0.000082 0.00048 89 –0.171 0.9998 (NSf)
9080–9694 0.002400 0.000368 89 6.516 <0.0001
9080–51083 0.002986 0.000499 89 5.985 <0.0001
9080–81340 0.000541 0.000486 89 1.113 0.7994 (NSf)
9694–51083 0.000586 0.000502 89 1.167 0.7698 (NSf)
9694–81340 –0.001860 0.000489 89 –3.802 0.0024
51083–81340 –0.002446 0.000594 89 –4.119 0.0008

a The contrast denotes the two orchard identifications for which the rate of
disease progress is being compared.

b The estimate is the rate of disease progress calculated as the slope in logit-
transformed disease incidence over time.

c SE, standard error for each estimate of rate of disease progress.
d d.f., degrees of freedom.
e The t statistic and P value were calculated using Tukey’s post hoc method for
multiple comparisons.

f NS, not significant.
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included the seven most important variables, the varImp model
included the seven most important variables as indicated by their
relative importance value, and a thirdmodel included the overlapping
six variables of the two previousmodels. All threemodelswere linear
mixed effects models, where the identification number of each

orchardwas defined as a random factor and the assessment of disease
severity in each plot was the dependent variable. Normal distribution
was assessed using the Shapiro–Wilk test and quantile–quantile
(QQ) plots. After a given explanatory variable was identified as
significant, a Tukey’s honestly significant difference (HSD) post

Fig. 4. Results of Ripley’s K analysis to determine the spatial distribution of trees in each of the orchards in Israel. The estimated K function (solid black lines) and
the theoretical K function (dashed red lines) are presented for three representative assessment times for A, three orchards from the coastal plain in central Israel and
B, two orchards from the Negev Desert in southern Israel. The three assessments represent the first month that each orchard was surveyed, the last month that each
orchard was surveyed, and the middle month in the survey period. The gray area denotes the upper and lower limits of the 95% confidence interval of the
theoretical K function.
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hoc test was performed. We used added-variable plots to visualize
the relationship between the residuals of the dependent and the
significant predictor variables while holding the other variables
constant (Weisberg 2005). All statistical tests and figureswere done
using R version 3.3.0, and all results are reported as means ±1
standard error.

RESULTS

Spatial and temporal dynamics of the disease within
orchards. The change in disease incidence over time. Of the
seven surveyed orchards, only five orchards showed consistent
increase in disease incidence over time (Fig. 2 and Supplementary
Fig. S1). More specifically, three of the orchards from the coastal
plain of Israel (Fig. 2A) (6024, 9080, and 9694) and two of the
orchards from the Negev Desert (Fig. 2B) (81340 and 51083)
showed an increase in disease incidence over the course of the study.
Next, we focused on the five orchards that had an increase in

disease incidence over time and calculated the rate of disease
progression in each orchard. We assessed the change in disease
incidence per orchard over the course of the study (Fig. 3A) and
used logit transformation to calculate the rate of disease progression
(r), which is the slope of the change in the transformed data over
time (Fig. 3B). The Tukey’s post hoc test for multiple comparisons
found significant differences in the rate of disease progression
between orchards (Table 2). These results also indicate that there
were months with no change in disease severity, and the timing of
that static period varied among the surveyed orchards. In addition, it
seems that disease also develop during winter months.
Spatial distribution pattern. Ripley’s K test characterized the

pattern of spatial distribution of infected trees in the orchards for
each of the months of the study (Fig. 4 and Supplementary Fig. S2).
One orchard from the coastal plain of central Israel (Fig. 4A) (9694)
and two orchards from southern Israel (Fig. 4B) (81340 and 51083)
had clusters of infected trees. Orchard 9080 from central Israel
showed a random distribution of infected trees, whereas the results
for orchard 6024 were inconclusive (Fig. 4A).
Spatial dynamics. For those orchards with disease clusters,

model selection was used to estimate whether there is a clear
direction of disease spread over time. We built three models, each
representing disease progression in a specific direction, and we
chose a model based on three parameters: the amount of variation
explained by themodel as indicated by theR2 value, the significance
of the model as indicated by the P value, and the relative quality of
the model as indicated by the AIC (Table 3). For one orchard
(81340), nomodel fit the data. For orchard 51340, the bestmodel for
explaining disease spread is themodel assuming spreadwithin rows
of trees, and for the third orchard (9694), the best model is the one
describing omnidirectional disease spread, although the model
describing disease spread within rows was also significant.

Characterizing effects of cultural practices and envi-
ronmental factors. Multiple regression model. Summary statis-
tics for each of the explanatory variables are presented (Table 4).
Because the number of explanatory variables is relatively high
compared with the number of observations, we used methods of
dimensionality reduction to choose the variables that best describe
the variation in the data, andwe created threemultiplemixed effects
linear regression models with estimated disease severity as the
dependent variable and orchard identification as a random factor
(Table 5). The Shapiro–Wilk normality test (LMG index model:
W= 0.98,P= 0.12; varImpmodel:W= 0.98,P= 0.17; and combined
model: W = 0.99, P = 0.36) and the QQ plots (Supplementary Fig.
S3) confirmed that the residuals of each of these models distribute
normally. Interestingly, all three models yielded the same results,
with two explanatory variables having a significant effect on disease
severity: cultivar and the area of urban terrain surrounding the
orchard. More specifically, the citrus cultivar affected disease
severity (Fig. 5) (F3,50= 15.01,P < 0.001), with cultivar Interdonato

showing the lowest susceptibility to Mal Secco compared with
cultivar Eureka Allen (Tukey’s HSD P = 0.048), but no differences
were found between the other cultivars. However, when comparing
Interdonato and Eureka Allen based on average orchard age, there
was no statistical difference (one-way analysis of variance: F1,27 =
2.9, P = 0.098). A weak positive correlation (r = 0.27) was found
between the total area of urban terrain in the 500-m radius
surrounding each orchard and disease severity on trees in the
orchard (Fig. 6) (F1,50 = 5.36, P = 0.02).

DISCUSSION

We found that five of the seven orchards that were surveyed in the
study showed a consistent increase in the number of Mal Secco-
diseased trees over time, whereas two orchards (36030 and 8168)
showed no significant change in the number of diseased trees. At the
end of the study, we again visually inspected the orchards surveyed
to assess the state of the disease in each of them and found that
orchard 36030 showed no signs of Mal Secco disease, whereas
orchard 8168 was indeed infected but showed no disease progres-
sion during the 3 years of the survey. These results might suggest
that the agricultural practices used in orchard 8168 slowed or even
stopped the disease from spreading. An alternative explanation
would be that the environmental factors unique to this orchard
played a role in preventing disease spread, but we find this less
likely because the orchards are in the same geographical region, and
the orchards were only a few kilometers apart, and the variation in
environmental conditions is negligible.
There was an indication that agricultural practices affected

disease spread. More specifically, orchards located only a few
kilometers apart showed a fourfold difference in their rates of
disease progress. One possible explanation for these differences is
the citrus cultivar. Previous studies have demonstrated that
susceptible cultivars havemore rapid disease progression compared
with resistant cultivars (Perrotta and Tribulato 1977). Another
possible explanation would be the use of low-nitrogen manure,
which is thought to slow progression ofMal Secco, especially when
used in combination with appropriate doses of phosphorous and
potassium (Nigro et al. 2011) (Y. Elad, unpublished results).
Previous epidemiological studies on Mal Secco disease have

reported that there is no development of the disease during summer
months, with development being renewed during the cooler late

TABLE 3. Logistic regression analysis of spread of Mal Secco disease in three
citrus orchards in Israel showing results for the three models: (i) a model that
describes disease spread within rows, (ii) a model that describes disease spread
between rows, and (iii) a model that describes omnidirectional disease spreada

Model P value R2 AIC

Center
9694
Within rows <0.001 0.34 2,229.0
Between rows 0.0961 (NS) 0.26 2,515.8
Omnidirectional <0.001 0.40 1,982.4

South
81340
Within rows 0.666 (NS) 0.28 2,903.3
Between rows 0.186 (NS) 0.23 3,101.5
Omnidirectional 0.414 (NS) 0.30 2,686.1

51340
Within rows 0.00122 0.27 2,812.9
Between rows 0.0368 0.14 3,322.4
Omnidirectional 0.948 (NS) 0.26 2,865.1

a Parameters to gauge goodness of fit are the P value, coefficient of
determination (R2), and the Akaike information criterion (AIC) value
calculated for each model. The model that best described the data for each
orchard is indicated in bold. NS, not significant.
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summer and autumn (Grasso and Perrotta 1980; Nigro et al. 2011).
The survey indicates that the timing of the static period varied
among the surveyed orchards.
Thevalues for the rate of disease progress (r) were extremely low,

indicating a slow rate of epidemic development (Van der Plank
1963). For example, an orchard with an r of 0.003/day and an initial
disease incidence of 1% would be expected to attain a disease
incidence of 27% after 3 years, or alternatively, an orchard with
initial disease incidence of 10% will attain a disease incidence of
50% within 1.5 years (537 days). Still, these values should be
viewed with caution for two reasons. First, these r values were
calculated based on field observations of disease progress, and the
surveyed orchards were treated throughout the course of the study
using sanitation pruning and fungicides. Thus, it is possible that the
r values are an underestimate of the true r values that would be
characteristic of the disease progress where there is no orchard
management applied by growers. Second, growth of P. tracheiphilus
is limited to specific months of the year when the temperatures are
suitable: 15 to 21�C during periods of dispersal and host infection
and 22 to 28�C during disease progression and fungal development
(Migheli et al. 2009; Nigro et al. 2011). It was previously suggested
that r should be calculated based on accumulated day degrees
(thermal time) during periods of optimal temperature for growth

and development of the pathogen instead of a physical timescale
(hours or days) (Lovell et al. 2004). It is possible that the rate of
disease progression is underestimated because we assumed a
constant rate throughout the study, whereas symptom development
rate fluctuated.
Of the five orchards in which Mal Secco progressed, three

orchards showed evidence of clusters of infected trees, although one
orchard (9080) also showed a random distribution of diseased trees
(Fig. 4 and Supplementary Fig. S2). The random distribution found
in orchard 9080 suggests that theremay be a differentmechanism of
pathogen dispersal in this orchard. Two nonmutually exclusive
explanations are possible. (i) Different agricultural practices may
have reduced disease spread between neighboring trees but did not
prevent pathogen dispersal. (ii) P. tracheiphilus is known to
penetrate the host using two distinct mechanisms: one through
exposed wounds on the woody surfaces of the host and the second
through exposedwounds on rootlets in the ground. It is possible that
host penetration differed between these orchards. In this regard,
host penetration through rootlets is characterized by accelerated
disease progression compared with host penetration via the canopy
(Migheli et al. 2009). The rate of disease progress (r) in orchard
9080 is fourfold higher than the r value of other orchards surveyed
in the study (Table 2).

TABLE 4. Summary statistics for each of the 18 explanatory variables collected in the regional survey of 75 orchards from three different geographical regions in
Israel between 2015 and 2017a

Region North (n = 23) Center (n = 26) South (n = 26)

Severity of Mal Secco (1–7) 3.36 ± 0.25 2.65 ± 0.24 3.98 ± 0.17
Area (m2) 14,586.96 ± 1,946.9 8,096.15 ± 1,110.1 19,192.31 ± 1,408.8
Age (years) 10.5 ± 0.76 20 ± 1.02 16.4 ± 0.76
Cultivar Lime, Villa Franca Interdonato, Villa Franca Eureka Allen
Rootstock Khushkhash, Macrophylla, Volka Khushkhash, Macrophylla, Volka Khushkhash, Macrophylla, Volka
Between lines (m) 5.88 ± 0.05 5.17 ± 0.08 6.42 ± 0.14
Within lines (m) 3.29 ± 0.08 3.16 ± 0.06 3.52 ± 0.06
Irrigation lines (no.) 1.00 ± 0.00 1.28 ± 0.05 1.21 ± 0.06
Precipitation (mm) 46.6 ± 1.99 56.5 ± 3.07 33.3 ± 1.7
Elevation (m) 101 ± 12.7 33.7 ± 1.09 87.5 ± 2.87
Slope (m) 3.78 ± 0.48 3.04 ± 0.61 2.12 ± 0.29
Urban terrain (m2) 108,014.9 ± 16,885.9 123,489.6 ± 12,586.5 133,618.6 ± 16,783.3
Plantations (m2) 251,829.9 ± 25,452.8 299,142.2 ± 23,350.0 268,039.5 ± 23,178.5
Crop fields (m2) 195,459.5 ± 23,543.2 193,616.0 ± 14,525.5 242,573.9 ± 20,197.7
Soil (m2) 140,864.0 ± 23,699.8 117,669.8 ± 11,052.8 120,256.8 ± 16,595.8
Citrus (m2) 208,889.6 ± 21,833.7 286,261.8 ± 15,488.8 391,853.9 ± 18,334.0
Lemon orchards (m2) 32,112.02 ± 2,992.9 20,218.15 ± 1,195.7 77,410.88 ± 5,458.5

a Data are presented as means ±1 standard error.

TABLE 5. Linear mixed effects regression models describing the effect of the explanatory variables on severity of Mal Secco disease on citrus in Israela

LMG index modelb varImp modelc Combined modeld

Coefficient SE Coefficient SE Coefficient SE

Intercept 4.85 1.59 4.93 1.38 4.35 1.34
Variety (Interdonato) –2.44 1.31 –2.17 1.31 –2.58 1.27
Variety (Lime) –1.94 1.39 –3.21 1.74 –2.02 1.35
Variety (Villa Franca) –0.69 0.49 –0.61 0.52 –0.79 0.45
Region (north) 1.22 1.64 1.82 1.88 1.09 1.60
Region (south) 0.722 1.35 0.60 1.30 0.49 1.27
Urban terrain 0.000003 0.000001 0.000003 0.000001 0.000003 0.000001
Elevation –0.0008 0.004 0.0001 0.01 –0.001 0.003
Lemon area –0.00001 0.000005 –0.00001 0.00001 –0.00001 0.000005
Precipitation –0.004 0.007 –0.01 0.01 –0.004 0.01
Between lines –0.115 0.18
Irrigation lines –0.53 0.43
AICe 581.16 457.87 586.31

a The LMG index model and the varImp model include the seven most important variables identified by each modeling method. The combined model included the
six overlapping variables between the two previous models. Variables having a significant effect (P value <0.05) are indicated in bold. SE, standard error.

b LGM index model: condition ; Variety + Region + Urban_Terrain + Elevation + Lemon_Area + Precipitation + Between_lines + (1|ID).
c varImp model: condition ; Variety + Region + Urban_Terrain + Elevation + Lemon_Area + Precipitation + irrigation_lines + (1|ID).
d Combined model: condition ; Variety + Region + Urban_Terrain + Elevation + Lemon_Area + Precipitation + (1|ID).
e AIC, Akaike information criterion.
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Another goal of the study was to assess whether disease spread
has a clear direction of progression. The analysis of directionality in
disease progression led us to conclude that at least two of the three
orchards that have aggregated patterns of diseased tree also show
evidence of disease spread within rows of trees (Table 3). This
pattern of spatial dynamics is indicative of a contribution of
agricultural practices to disease spread, and it is possible that the
pathogen is carried from one tree to another by agricultural tools
used during orchard management.
Citrus cultivar (Fig. 5) and the total area of urban terrain in the

500 m surrounding each orchard (Fig. 6) were two variables that
were consistently significant with each of the multiple regression
models used to describe the variation in disease severity over the
time course of the study (Table 5). Specifically, disease severity is
lower in orchards where Interdonato was grown compared with
orchards where Eureka Allen was grown, although no differences
were found between the remaining cultivars (Fig. 5). These results

are consistent with those previously reported on the effect of scion
cultivar ofMal Secco disease: cultivars Interdonato andMonachello
are less susceptible to the disease compared with other cultivars
(Solel and Oren 1975). However, although this study found
differences in disease severity attributable to scion cultivar, there
was no effect of rootstock genotype on disease severity (Table 4).
We also found a weak positive association (r = 0.27, P = 0.02)

between the total area of urban terrain in the 500 m surrounding
each orchard and the severity of Mal Secco disease (Fig. 6). In a
study on the pathogenic fungus Ceratocystis platani, the causal
agent of canker stain of plane trees, it was found that inoculum
concentration is higher in urban setting (Luchi et al. 2013). It was
hypothesized that the intensive tree sanitation (pruning and felling)
in urban environments caused an increase in airborne inoculum that
is dispersed in the abundant sawdust that results (Luchi et al. 2013).
In another study on medfly infesting citrus orchards, it was found
that proximity to urban settlements is positively correlated with the
size of themedfly population trapped in the orchards (Krasnov et al.
2019). The authors hypothesized that untreated trees in villages
support pest reservoir that can infect nearby orchards. Yet, there is
an important difference between these species and P. tracheiphilus,
the fungus that causes Mal Secco disease. Unlike C. platani and
medflies,P. tracheiphilus is waterborne. It is possible that untreated
citrus trees in urban areas serve as an infection source; however, this
explanation seems less likely in light of the data showing that
P. tracheiphilus dispersal is limited to a few dozen meters
(Tuttobene 1994). Furthermore, there is little evidence for the
existence of the disease in private gardens in Israel (D. Ezra,
unpublished data), and although birds and insects have been
suggested as possible vectors allowing for longer-distance dis-
persal, this hypothesis has yet to be tested (Migheli et al. 2009).
Thus, this observation needs to be interpreted with caution because
the association was rather weak, and it may be that an additional
uncharacterized factor is positively correlated with the total area of
urban terrain.
An intriguing result from the study was the observation that there

is no effect of the total area of lemon orchards surrounding an
orchard on the severity of the disease (Table 5). These results refuted
our hypothesis that there is a positive association between the total
area of lemon orchards in the 500 m surrounding each orchard and
disease severity, assuming that lemon orchards serve as a source of
inoculum. In this regard, the dispersal distance of propagules of
P. tracheiphilus is thought to be limited to 30 to 40 m; the
splashborne inoculum is carried by winds over short distances,
probably within the borders of a single orchard (Tuttobene 1994).
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