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ABSTRACT

To assess the capacity of esca to spread within vineyards of the Bordeaux
region, over 8 years of annual records, containing between 1,200 and 2,300
contiguous Cabernet Sauvignon vines from 15 mature vineyards, were used
for spatial statistical analyses. A group of nonparametric tests, based on join
count statistics and on permutation methods, was developed to characterize
the spatial structure of esca-symptomatic vines in terms of spread in any
direction or within-row only. Among vineyards, a large range of spatial
patterns, from random to strongly structured, associated with various prevalence
rates that increased over time were observed. In four vineyards, the complex
esca distribution pattern indicated different levels of clustering. By contrast, in

other vineyards, only small clusters of two adjacent symptomatic vines were
observed, and they were localized along rows, without enlargement over time,
except in one vineyard. An analysis of spatial dependence between previously
and newly symptomatic vines within k-order neighborhoods (k = 1 to 5),
showed, for 5 of the 15 vineyards, that the newly symptomatic vines were
located close to previously infected vines, without a favored orientation or
neighbor order. All the results together suggested a limited potential for
secondary local spread from neighboring symptomatic vines.

Additional keywords: fungal disease, join count statistics.

Esca, a grapevine trunk disease (GTD), remains poorly un-
derstood but causes extensive damage in vineyards worldwide and
results in major economic losses (Bertsch et al. 2013; Mugnai et al.
1999). The identification of key factors that drive esca spread
remains a major subject of study in an attempt to understand
epidemic progress and to deploy tactical and strategic management
practices for this disease.

Grapevine esca, also called esca proper, is defined as a complex
dieback disease associated with pathogenic fungi that degrade the
woody part of the vine and cause discolored foliar symptoms (Mugnai
et al. 1999; Surico et al. 2008). Two forms of the disease are described
as follows: a chronic form, characterized by the “tiger stripe”
appearance of the affected leaves, and an acute form (also called
apoplexy), presenting the dieback of one or more shoots, combined
with leaf drying (Mugnai et al. 1999; Surico et al. 2008) in mid-
summer. Esca foliar symptoms, observed more frequently in 12- to
18-year-old adult vines (Fussler et al. 2008), are commonly associated
with two vascular pathogenic ascomycetes, Phaeomoniella chlamy-
dospora and Phaeoacremonium spp., growing within the wood and
producing specific necroses, such as black punctuations in trunk cross
section and pink-brown or dark red-brown areas in the core of the
trunk (Mugnai et al. 1999). In European regions, esca is also asso-
ciated with Fomitiporia mediterranea, which causes white decay
(Fischer 2002; Mugnai et al. 1999). Other Ascomycete pathogenic
fungi, Eutypa lata, causing the well-known trunk disease Eutypa
dieback, and members of Botryosphaeriaceae, may be involved in
esca, as they may be isolated from sectorial necroses in vines showing
external foliar esca symptoms (Larignon and Dubos 1997; White
et al. 2011). Lecomte et al. (2012) showed that foliar symptoms of
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vines showing esca symptoms, overlapped with some of those of black
dead arm, a GTD associated with several species of Botryosphaer-
iaceae (Larignon et al. 2001). The various means of dissemina-
tion and/or infection of these fungi make the study of disease spread
difficult. For example, the Ascomycetes, P. chlamydospora and
Phaeoacremonium spp., which are endophytic fungi, can be trans-
mitted via vegetative propagation. Consequently, infected young plants
may represent a primary source of inoculum introduced into the
vineyards (Gramaje and Armengol 2011). Over the vine’s lifespan,
endo-inocula, like pycnidia and conidiphores of P. chlamydospora,
produced at the vines surface (bark and pruning wounds), are wind
dispersed (Larignon and Dubos 2000) or may be transmitted via
cutting tools (Agusti-Brisach et al. 2015) and/or insects (Moyo
et al. 2014) to the other vines. However, the aerial inoculum of
F. mediterranea is assumed to come from external sources because
this fungus has not been detected in young nursery plants (Gramaje
and Armengol 2011).

The emergence and spread of esca results from complex
interactions between types and amounts of inocula, and also other
factors, such as plant physiology, abiotic environment (climate and
soil), and cultural practices (Bertsch et al. 2013; Lecomte et al.
2011; Murolo and Romanazzi 2014). Spatial statistics and spatial
mathematical modeling have been used to describe the distribution
and spread of esca in vineyard. Several spatial statistical analyses,
based on annual data from different vineyards in Europe, revealed
that the random distribution of esca prevails in most vineyard sit-
uations (Cortesi et al. 2000; Edwards et al. 2001; Redondo et al.
2001; Sofia et al. 2006; Surico et al. 2000), suggesting that the
spread of esca within the vineyard is mainly airborne, via external
and/or internal sources of inoculum, rather than due to contam-
inated pruning tools along rows of vines (Surico et al. 2000). How-
ever, aggregated patterns of symptoms have been observed in
certain vineyard scenarios (Edwards et al. 2001; Pollastro et al.
2009; Surico et al. 2000), leading to the question of whether there is
asecondary spread of esca over time. Only two studies, using spatial
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modeling and several years of recorded data, have investigated this
question. Stefanini et al. (2000) proposed a parametric statistical
model to estimate the probability that a plant expresses esca
symptoms given a set of factors such as symptom expression in the
previous year and plant expressing symptoms nearby. The authors
observed, for one vineyard in Italy, a slight increase in the pro-
bability of symptom outbreak when infected vines were present
nearby (along the same row of vines). However, they did not explore
the effects of a larger neighborhood. More recently, Zanzotto et al.
(2013) analyzed 17 years of data from one vineyard surveyed from
planting. Using Bayesian spatiotemporal methods, they investi-
gated the secondary spread of esca infection based on different
spatial directions (along- or across-rows). Their results showed a
higher probability of esca expression over time and greater spread
along rows, rather than among adjacent rows.

To our knowledge, apart from the studies of Stefanini et al. (2000)
and Zanzotto et al. (2013), which both used mathematical models
applied to spatiotemporal data from only one vineyard, there are no
other studies evaluating both the spatial distribution and temporal
dynamics of esca. Spatial analyses using data recorded over several
years should help us to characterize symptomatic vine cluster en-
largement over time and to evaluate the spatial relationship between
the previously and newly symptomatic vines. The results may lead
to an understanding of the involvement of previously symptomatic
vines localized in rows, reinforcing the need for specific sanitary
measures. More globally, such a study allows us to describe the
scale of the disease’s spatial structure over time and the statistical
dependence among diseased vines to guide future risk factor research.
Also, the results should help define the most relevant distance scale
for modeling esca spread within a vineyard.

To address these issues, we analyzed the distribution patterns of
vines expressing esca and esca spread over 8 years (6 years for one
vineyard), using observations of esca symptomatic and nonsympto-
matic vines of the same susceptible cultivar, Cabernet Sauvignon,
planted during the same period in 15 mature vineyards. Several types
of statistical methods are available to measure spatial structure and
intensity using binary data in epidemiological domains (Madden
et al. 2007). During the last two decades, a range of different spatial
statistical methods were applied to esca. For instance, to test the
overall aggregation of esca in vineyards, Reisenzein et al. (2000)
compared the expected random and observed distributions directly
using a 2 test, while Cortesi et al. (2000) used nearest neighbor
methods, which compared the average distances between observed
symptomatic vines to the expectations for random distributions. To
quantify the spatial pattern, Surico et al. (2000) combined several
methods, dispersion index, quadrat method and ordinary runs, to

detect the aggregation along the row. The two-dimensional distance
class method (Surico et al. 2000) proposed by Gray et al. (1986) was
applied to quantitatively describe the disease at each distance class.
In our study, another nonparametric method based on join counts
(JCs) and permutation tests (Monte Carlo) was used. This general
method is well adapted for data exploration because no assump-
tions and no prior knowledge of the processes of disease spread are
needed. Moreover, one can allow different neighbor definitions
based on distance in order to identify the aggregation radius and
direction (Pethybridge and Madden 2003). The method addresses
the following questions using a large dataset comprised of more
than a thousand mapped data points, from an irregular lattice. In our
cases, by developing tests based on JCs to analyze the spatial
dependence over time between esca vines separated by a specific
distance, we addressed different epidemiological questions about
esca disease.

The objective of our study was to assess the nature of esca spread
within commercial vineyards in the Bordeaux regions in a long-
term study. Firstly, we aimed to describe how the disease spreads, by
addressing the following questions. What is the rate of the temporal
progress of the disease and how does it vary among vineyards? Are
symptoms of esca disease always randomly distributed in the
vineyard or not? How does the structure of the spatial distribution
vary over time? Secondly, we investigated the capacity of local
spread along the row or in all directions over time, as well as the
relative importance of local disease spread from vines that have
previously expressed foliar symptoms.

MATERIALS AND METHODS

Studied vineyards. Fifteen commercial vineyards in the Bor-
deaux region, belonging to several owners, were used to monitor
esca disease for 8 consecutive years, from 2004 to 2011 (except for
one vineyard that was monitored for 6 years, from 2006 to 2011)
(Table 1). The 15 vineyards were ordered from 1 to 15, depending
on the disease prevalence in 2011 (except for vineyard 13). All
of the vineyards were planted between 1985 and 1990 with the
cultivar Cabernet Sauvignon (Vitis vinifera L.) and were trained in
accordance with the Guyot method. The vines were grafted onto a
variety of rootstocks, depending on the particular vineyard. Within
plots, the distance between rows varied from 1 to 3.5 m, and the
distances between vines within each row from 0.8 to 1.2 m. The
number of living vines per vineyard, monitored at the beginning of
the observation period, varied from 1,289 to 2,281. As the vineyard
plots did not form a regular lattice, with rows perpendicular to
columns, the alignments of the first vine of each row, the position

TABLE 1. Location and characteristics of the 15 surveyed vineyards and their sanitary state in 2004

Number of vines Total vine
Vineyard Planting Inter-vine  Inter-row % esca vine % dead, missing, used for numbers
number Commune year Rootstock (m) (m) in 2004 and young plants? permutation per plot
1 Léognan 1988 101-14 1 1.2 0.10 2.80 1,944 2,000
2 Capitourlan 1989 101-14 1 1.8 0.23 0.23 1,286 1,289
3 St. Emilion 1989 101-14 1.2 1.5 0.71 241 1,981 2,030
4 St. Philippe d’Aiguille 1987 101-14 1.2 22 0.42 2.85 1,433 1,475
5 St. Emilion 1989 101-14 1.2 1.5 1.00 1.48 2,000 2,030
6 Margaux 1987 101-14 1 1.5 2.69 12.37 1,786 2,038
7 Canéjan 1988 - 1 1.4 3.36 9.30 1,814 2,000
8 Martillac 1989 101-14 1 14 1.53 1.80 1,964 2,000
9 Beautiran 1990 - 1 1.8 2.97 5.37 1,919 2,028
10 St. Philippe d’Aiguille 1985 101-14 1.2 22 4.63 2.38 1,965 2,013
11 Espiet 1989 SO4 1.2 3.5 4.81 13.85 1,766 2,050
12 Margaux 1987 3309 1.2 1.2 7.57° 10.10 1,834 2,040
13 Castres 1989 3309 1.2 14 10.88 6.93 2,123 2,281
14 Gradignan 1989 3309 C 0.8 1.5 9.21 2.06 1,998 2,040
15 Galgon 1987 3309 and Paulsen 1.2 29 11.70 2.90 1,942 2,000

2 Young plants: newly planted or before cordon formation.
b Percent esca vine in 2006.
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(x, y coordinates in meters) of each surveyed vine within each plot,
was estimated on an orthogonal basis, using both inter-row and
inter-vine distances.

Data collection and temporal disease progress. In2004 (in
2006 for one vineyard), at the end of August, all of the contiguous
vines from each of the 15 vineyards were individually surveyed
for foliar esca expression. Symptoms of esca included “tiger-stripe”
patterns (chronic form), and the wilting of some or all the vine
branches (acute form), which we considered progressive symptoms
of the two stages of the same disease. Young plants, including newly
planted vines and plants prior to forming cordons, and dead or
missing plants, were also recorded. From 2005 (or 2007) to 2011,
foliar esca symptoms were recorded by individual vine surveys. The
prevalence of esca was calculated by dividing the total number of
cumulated vines exhibiting esca symptoms since 2004 (or 2006) by
the number of living vines, excluded the young plants, counted in
2004 (or 2006). The results were expressed as a percentage. The
temporal progress of the esca prevalence from 2004 to 2011 (or 2006
to 2011) was empirically approximated from the linear temporal
curves of all of the vineyards, and the coefficient of determination, R2,
was calculated.

Spatial point pattern analysis based on JC statistics. The
spatial patterns of symptomatic vines in each year were analyzed
using statistical tests based on JC statistics adapted for binary data
(Moran 1948).

Distance tests. A set of statistical tests was designed for a lattice
to detect dependence between symptomatic vines separated by a
certain distance, regardless of the orientation or location on the same
row, respectively, called the omnidirectional distance test and row
distance test. For a lattice of grapevines /, the spatial locations of
vines are s;; = (x;;, i), the coordinates of vine i. We denote the status
of vine i associated with the spatial unit s; at time ¢ by c;;,. ¢, is
defined by

1,if vine i of lattice / expresses esca symptoms

at or before year ¢
=Y. .. . . . o
" 0,if vine i of lattice / didn’t express esca symptoms

at year ¢ or before

To determine whether esca diseased vines in a pair of sites
separated by a certain distance are dependent, the number of symp-
tomatic vine location pairs separated by this distance are counted and
compared with the expected number of pairs under the null hypothesis
of random distribution.

For each vineyard, the JC statistic is determined, regardless of
the orientation or the along-row direction, for each distance class
[r—1, r] (greater than r— 1 and less than or equal to ), with r varying
from 1 or 2 to 15 m, depending on the smallest distance between two
vines in the vineyard (Table 1). These consecutive distances cover
the range of distances from those between adjacent vines to those
corresponding to the vineyard radius.

For the omnidirectional distance test, the JC statistic is defined by

. ; 1 .
JC_distance®™ (1,t,r) = 3 chiltc_ihwzym(r)

w;)[_]r_nm(r) = 1{r*1<\s,~rs,-;\$r}

omni

with @™ (r), a weight with value 1 if the distance between the two
plants at sites s; and s, belongs to the distance class [r— 1, r] and
0 for all other cases. The null hypothesis, Hy, is that the cases of
esca are distributed at random in the lattice, and the alternative
hypothesis, H_is that pairs of symptomatic vines belonging to the
distance class are significantly more frequent than expected from a
random distribution.

A similar JC statistic is computed for the row distance test,
JC_distancerv, using a new weight defined by

wlrgw(r) wlrgw(r) = l{r*1<\s,ﬂrsj1\£r and x,»,:xjy}

To provide a direct evaluation of the unilateral right-sided
departure of the observed pattern from H,, we computed the same
JC statistic for the observed data and for 1,000 simulations by fixing
the missing, dead and 1-year-old vines, and by reallocating the re-
maining locations randomly. An approximate P value was computed
in corrected form according to Phipson and Smyth (2010).

Neighbor tests. To study the local dependence between newly
diseased plants and previously diseased plants, based on the order of
neighbors located around or on the same row, two complementary
tests called the omnidirectional neighbor test and row neighbor test,
respectively, were developed.

For each year ¢, the spatial dependence between previously and
newly symptomatic vines situated in a close neighborhood was
analyzed by considering the kth neighborhood order, with k varying
from 1 to 5. The term “previously symptomatic” defines vines that
had previously expressed esca symptoms before ¢, and “newly symp-
tomatic” defines vines that expressed esca symptoms at ¢ for the first
time. To determine kth neighborhood order, regardless of the direction
or the row, the nonequal distance between two adjacent rows and
between two adjacent vines along the row were taken into account,
and an elliptical band, shaped by the distance between vines located
along two adjacent rows (Ax;) and the distance between two consec-
utive vines along the same row (Ay,), is considered (Fig. 1). Two vines
atsites s;; and s, of the same vineyard [ are neighbors of order k if their
coordinates satisfy

()’il —Yj1)2
(Ay)?

The JC statistics count the vine pairs, including a newly and a
previously symptomatic vine, according to the given definitions,

xil—x_il)z

5 <k
(Axl)

(k—1)2<(

X (i = cira-1y) -1y @™ (k)

i#]

: 1
JC_neighbor®™ (1, t,k) = 5

o™ (k)=1

)2 v —y )2
(k—1)2<(x” 7’2) +("’ "’2) <k?
(ax) (aw)

w;’l:;””i (k) indicates whether vines i and j of lattice / are neighbors of
order k. The JC statistics for the row neighbor test are defined by
changing w;;;(k). The number of observed pairs was compared with
the expected number of pairs of the same category under the null
hypothesis H, (the newly symptomatic vines were randomly
distributed among the vines that were asymptomatic at the previous
date). The significance test described below was also performed
using permutation tests. In the latter case, the field simulations were
generated by fixing the previously symptomatic vines in year
t (those of cjy,_1y = 1), as well as the dead, missing and 1-year-old
plants, before each permutation.

Thus, to detect a general trend in the spatiotemporal data sets, we
built several groups of global tests as suggested in Thébaud et al.
(2005). These global tests synthesized the deviations of observed
JC statistics from the means of JC statistics computed under H,. For
the groups of global tests, after testing the global hypothesis, each was
performed with Bonferroni corrections (Bland and Altman 1995).

For each vineyard, the aggregation patterns at different scales and
different years were analyzed using these individual tests in an
exploratory fashion and several significance levels (0.05, 0.01, and
0.005) have been used to present more detailed results.

Global tests. We performed groups of global tests using
specifically defined statistics, which summed up the deviations of
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the observed JC statistics from means of permuted deviations
computed on JC statistics under the null hypothesis.

Global distance test per vineyard. To detect the spatial non-
randomness in vineyards, a global distance (GD) test was performed
for each vineyard using the Hy: in the vineyard /, the esca cases are
distributed randomly and globally in all of the years included. The
alternative hypothesis is H;: occurrences of esca for two different
vines a distance apart comprised between r — 1 and r are not
independent in the vineyard / at least for 1 year and one distance . The
definition of each test is as follows:

2011 15

> Y |JC_distance™™ (1, t,r)
1=2004 r=1

_JCdistunce;;mni(l’ 2 r)|W(lv t I’)

chistance global (l) =

Aweighted sum of differences between the observed JC statistics
and the means of the simulated JC statistics for all of the distance
classes, from 1 to 15 m, and in each year from 2004 (or 2006) to
2011. We summed positive values to avoid the negative compen-
sations that may influence the sensibility of the global test.

The weight is defined as the inverse of the averaged simulated JC
statistics,

1
omni(l7 t r)

distance sim

W(l, t,r)=

to balance the JC statistics from different scales. The JC statistic
calculated for larger distance classes or later years will count more
in a nonweighted mean. Moreover, because the statistical test is
meaningless for the distance class/year that has few pairs, we used
0 for the weights of the distance class/year in which the number of
diseased pairs was less than 10.

With this construction of the global statistic, the global test was
bilateral for H;: the esca cases are nonrandomly distributed for all of
the years and for all of the distances in the vineyard / (the observed
global statistic is significantly different from the statistic under the
random distribution).

To determine whether the nonrandomness was at large scales or at
small scales, and/or along-row or not, for the vineyards showing
significant nonrandomness, we performed a group of tests containing
four global tests, two at small scales, global distance small (GDS)
tests and two at large scales, global distance large (GDL) tests by
summing the differences computed using omnidirectional and row
distance JC statistics, respectively, from 1 to 5 m and from 5 to 15 m,
respectively, in the same manner as JC ;g qnce8°P?4(1).

A 2007

GD test per vineyard per year. To further explore the temporal
evolution of the esca vines spatial distribution, for each vineyard
showing significant nonrandom patterns, a global test was performed
for each year with Hy: For vineyard / and year ¢, the esca vines are
randomly distributed. The definition is as follows:

15 4
JCgistance " (1, 1) = 21 |JC_distance®™ (1,t,r)
r=

_JCdixtance x(;%ml(l’ t’ r) ‘ W(l7 ta I’)

Global neighbor test per vineyard per order. To determine the
neighbor order in which the newly diseased vines are distributed
conditionally on the previously diseased vines, groups of global tests
containing 10 tests (omnidirectional/neighbor orders) with Hy: In the
period 2004 to 2011, for vineyard /, the new cases of esca were randomly
distributed among asymptomatic vines in each vineyard. Hypothesis
H;: For vineyard /, the new cases of esca depended on previous cases in
neighbors of order & for at least 1 year. The definition is as follows

8 L
Jcneighbvr global(L k) = 2 | JC‘—nei;;‘hbormmnZ (lv t, k)

t=1

_Jcneighbnr .Yai;Zni(l’ 5 k) | W(l, t, k)

The codes to perform these tests were written in R, and the package
“Spatstat” was used to generate spatial functions (R Development Core
Team 2013).

RESULTS

Temporal progress of the disease. In 2004, the percentage of
esca vine varied between 0.1 and 11.7%, and the percentages of
dead, missing, or 1-year-old plants were between 0.23 and 13.85%,
without correlation between the variables (R? = 0.224) (Table 1).
The temporal esca progression, shown in Figure 2 for the 15
vineyards, greatly differed depending on the vineyard, with dis-
ease prevalence varying between 1.34 and 45.3% at the end of the
survey. Among the 15 vineyards, the prevalence in vineyards 1 to 5
remained low, from 1.34 to 5.30%. By contrast, a high prevalence
was found in the first year in vineyards 13, 14, and 15, at 10.88,9.21,
and 11.70%, respectively. Their prevalence rates were between 34
and 45.3%. The temporal progress of esca prevalence from 2004 to
2011 (or 2006 to 2011) was empirically approximated from the
linear temporal curves of all of the vineyards, with a coefficient of
determination, R2, between 0.92 and 0.99 (Fig. 2). The rates of

Fig. 1. A, Spatial distribution of esca-diseased vines in vineyard 7, year 2007. Previously symptomatic vines and newly diseased vines are represented by black
squares and black triangles, respectively, and healthy vines are in gray. B, The locations of the first-third neighbors, represented by the three ovals (arrows), at the

center, and one newly diseased vine (black triangle).
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esca spread among vineyards ranged from 0.18 to 4.94%
prevalence/year. Some of the vineyards, 9, 12, 13, 14, and 15,
showed a linear increase in the first year of the survey followed by
a slowdown.

Global spatial analyses within vineyards. The GD test per
vineyard, using the results of the JC_distanceo™ni, showed that 9
vineyards (2, 4, 7, 8,9, 11, 12, 13, and 14) out of the 15 vineyards
had significant P values (<0.0033), after Bonferroni corrections,
indicating that the esca distribution differed from a random pattern
in these vineyards (Table 2). When looking at individual vineyards
with significant global tests, we focused on the GD test per year.
The year of transition from a random to a nonrandom distribution
or, in some cases, conversely, varied according to the vineyard.
Only four vineyards (vineyards 7, 8, 12, and 13) showed a

nonrandom disease distribution from the first or second year of
recordings, indicated by significant values (P < 0.0083 for
vineyard 12 and P < 0.0062 for the others), after Bonferroni
correction, for each year.

Spatial pattern at small and large scales. Table 3 presents
the results of the distance tests, to distinguish the statistical depen-
dence between esca vines at small (GDS tests) and large scales
(GDL tests), oriented along the row, or not, for each vineyard. For
the omnidirectional tests, the vineyards 2,4, 7, 8, 11, 12, 13, and 14
showed significant GD tests per vineyard, revealing a significant
P value (P <0.0125), at least at a small scale. The four vineyards 7,
8, 12, and 13, in addition to vineyard 2, showed a significant P value
(P <0.0125) using omnidirectional GDS and GDL tests, indicating
a complex structural pattern. Within four vineyards (4, 11, 14, and

50
45
40
—e—1  0.18X-0.04 (R2=0.99)
35 —=—2  0.44X-0.41 (R2=0.98)
—a—3  0.47X +0.10 (R2=0.97)
g 30 —»—4  0.63X-0.02 (R2=0.97)
§ —%—5  0.63X +0.23 (R2=0.99)
g 25 —e—6  1.34X + 1.46 (R2=0.99)
] ——7  1.40X + 2.65 (R2=0.97)
o —=—8  2.10X-1.04 (R2=0.98)
20 —A—9  2.32X+1.78 (R2=0.94)
—6—10  2.64X +1.51 (R2=0.99)
15 ——11  2.79X+ 1.58 (R2=0.99)
- A-12 494 +9.24 (R2 = 0.96)
10 - ®-13 450X +6.57 (R2=0.96)
- ®-14 393X +8.99 (R2=0.92)
5 - *-15 349X +9.31(R2=0.93)
0

2004 2005 2006 2007 2008

2009

2010 2011

Fig. 2. Yearly prevalence of grapevine esca between 2004 and 2011 for the vineyards 1 to 15, except for vineyard 13 (from 2006 to 2011). Equations of

approximated linear temporal curves with determination coefficient (R?).

TABLE 2. P values of omnidirectional global distance (GD) tests for each vineyard and P values of omnidirectional GD test per year®

Vineyard number GD test 2004 2005 2006 2007 2008 2009 2010 2011

1 0.004 - - - - - - - -

2 <0.001 F F F 0.0410 0.0160 0.0050 0.0020 <0.001
3 0.2168 - - - - - - - -

4 <0.001 F F 0.3047 0.0270 0.0150 0.0050 <0.001 0.0020
5 0.0450 - N - . - N = N

6 0.0469 - - - - - - - -

7 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
8 <0.001 0.0020 0.0040 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
9 0.002 0.3836 0.1878 0.3007 0.4326 0.0090 0.0050 <0.001 0.0030
10 0.2687 - - - - - - - -

11 <0.001 0.7423 <0.001 0.0040 <0.001 0.0160 0.0150 0.1279 0.1978
12 <0.001 ND ND 0.0020 <0.001 <0.001 0.0020 <0.001 -

13 <0.001 0.1488 0.0260 <0.001 0.0020 <0.001 <0.001 <0.001 <0.001
14 <0.001 0.4446 0.1099 0.0120 0.0170 0.0050 0.0040 0.0110 0.0050
15 0.005 - - - - - - -

@ Significant P values are marked in bold, with the significance level adjusted using a Bonferroni correction performed within each group (P value = 0.05/15 =
0.0033 for the global tests per vineyard, and P value = 0.05/8 = 0.00625, except for vineyards 1 and 2, P value = 0.05/5 = 0.01, and vineyards 4 and 12, P value =
0.05/6 = 0.0083, per vineyard per year). F, few diseased pairs (not tested); ND, no recorded data; and —, not tested.
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15), esca vines were only significantly aggregated at a small scale
because significant P values (P < 0.0125) were found only for the
GDS tests. The vineyards 5 and 9 with nonsignificant omnidirec-
tional GDS tests had significant GDL test results (P < 0.0125). The
results of the row GDS tests were similar to those for the omnidi-
rectional tests. Only vineyard 9 had a significant value (P < 0.0125)
for the row GDS test but not for the omnidirectional GDS test. This
indicated the occurrence of symptomatic vine clusters solely
oriented along rows in this vineyard. Eight vineyards (2, 3,4, 6,7, 8,
11, and 12) showed significant values (P < 0.0125) for the row GDL
tests. Vineyard 10 did not show any aggregation pattern.

TABLE 3. P values of the global distance tests for each vineyard summing
statistics for all classes of omnidirectional distances (or along row) from 1 to
5 m (global distance small [GDS] classes) or all classes of omnidirectional
distances (or along row) from 5 to 15 m (global distance large [GDL] classes)?

Vineyard number Omni GDS Omni GDL Row GDS Row GDL
1 F 0.0040 F F

2 0.0060 <0.001 F 0.0070
3 0.0220 0.7153 0.0380 <0.001
4 <0.001 0.4276 <0.001 <0.001
5 0.7782 0.0040 0.0170 0.2987
6 0.3067 0.0190 0.4046 0.0020
7 <0.001 <0.001 <0.001 <0.001
8 <0.001 <0.001 <0.001 <0.001
9 0.0300 0.0060 <0.001 0.0899
10 0.1698 0.4855 0.2547 0.0969
11 <0.001 0.3846 <0.001 <0.001
12 <0.001 <0.001 <0.001 <0.001
13 <0.001 <0.001 <0.001 0.1369
14 <0.001 0.5934 <0.001 0.8901
15 0.0050 0.1958 0.1858 0.4126

@ Significant P values are marked in bold. The significance level was adjusted using
a Bonferroni correction performed on four tests for each vineyard; the significance
level was reduced to 0.05/4 = 0.0125. F, few diseased pairs (not tested).
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Spatial pattern over time. Figures 3, 4, and 5 present the
evolution of the esca disease pattern over time using statistical test
results for each distance class and each year. Nine GD tests in
individual vineyards are shown. The vineyards 7, 8, 12, and 13
showed a great number of low P values from 2006, 2007, or 2008,
revealing a tendency toward spatial dependency (P < 0.005 or P <
0.01) for distances between 1 and 10 m (Fig. 3). This can be
explained by clusters of esca vines at the small scale, distant from
each other up to 10 m, as illustrated by the map of vineyard 7 (Fig.
4). Among the vineyards, only vineyard 7 showed a great number of
extremely low P values of <0.005 for the small distance tests and for
the two first recording years. Figure 4 illustrates the results of tests
for each distance class, and for 2007 and 2010, the number of pairs
of symptomatic vines observed was always greater than those from
the simulations. This indicated that the esca vines aggregated at
different scales. From 2004 or 2006 to 2008 or 2009, for the
vineyards 7, 8, 12, and 13 the number of low P values, and also the
maximal distance having a low P value, increased, but without an
observed continuum over time (Fig. 3). These results indicated no
clear spatial extension of the clusters. Similar results were found
with the row distance test (data not shown).

By contrast, the omnidirectional tests, for the other five vineyards
(2,4,9,11, and 14), showed that low P values were mostly obtained
for the minimum distance class between esca vines, except for
vineyard 2 (Figs. 5 and 6). This corresponded to the distance class
between two adjacent vines located on the same row, indicating
small clusters oriented along rows. Over time, there was no great
increase in the number of low P values, except for in vineyard 14.
In this vineyard, the increase was associated with an increase in the
maximum distance, suggesting an increase in the size of the esca
vine cluster over the years. Row test results were consistent with
omnidirectional test results. The P values were mainly obtained
for minimum distances between two vines, corresponding to the
adjacent vines on the row. For vineyards 9 and 14,in 2011 and 2010,
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Fig. 3. P values of omnidirectional distance tests from 1 to 15 m for vineyards 7, 8, and 12 over 8 years (2004 to 2011) and for vineyard 13 over 6 years (2006 to
2011). Black points indicate P values less than or equal to 0.005; gray points indicate values between 0.01 and 0.005; and white points indicate values equal to or
greater than 0.01, which correspond to the strong, less strong, and no rejection of their null hypotheses (randomness), respectively.
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respectively, an interaction was observed between two vines 2 or
3 m apart in the row, demonstrating the existence of small sym-
ptomatic vine clusters located along the rows that expanded very
slowly over the years.

Location of new symptomatic vines near vines with esca.
Five (7, 8, 12, 13, and 14) of the 15 vineyards showed significant
P values with Bonferroni corrections (<0.0033) for one or both global
neighbor tests (omnidirectional and row; Table 4). This indicates that
for these vineyards, new symptomatic vines were located close to the
previously expressed symptomatic vines. When looking at individual
vineyards and considering the omnidirectional global neighbor test,
a significant effect of neighbors nearby was found, independent of
the neighbor order, for the vineyards 7 and 12. For the other three
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vineyards (8, 13, and 14), the number of significant P values varied
between one and three. For the row neighbor test, only vineyards 7
and 12 showed significant P values without indicating a specific
neighbor order.

DISCUSSION

In this study, spatial pattern analyses of annual data records, over
8 years, of contiguous vines of the same cultivar Cabernet
Sauvignon from 15 adult commercial vineyards in the Bordeaux
region were conducted to better understand the capacity of esca to
spread within a vineyard. The results indicated a large range of
disease rate and progress over time among vineyards of similar age.
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Fig. 4. Distribution of esca-expressing vines and the JC statistics for vineyard 7 in the years 2004, 2007, and 2010. The black curve with stars corresponds to the
observed JC statistics at each distance. The dotted and dashed lines with triangles indicate the maximum and the minimum values of the JC statistics, calculated by
1,000 simulations under the null hypothesis. The dotted and dashed line with circles indicates the 95th quantile. If the circle is above the star of the 95th quantile,

the test is significant at the 0.05 level without adjustment.
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Various spatial patterns, from random to strongly aggregated struc-
tures were observed, with no relationship between spatial pattern
and disease rate. For instance, in some vineyards with high prev-
alence, a random pattern was observed. Enlargement of diseased
vine clusters over years was rarely observed (just in one vineyard).
About local spread, in 5 of the 15 vineyards, the newly symptomatic
vines were located close to previously infected vines, without a
favored orientation or neighbor order.

All the results together suggested that there is limited potential for
the secondary local spread from neighboring symptomatic vines.

The limited potential for secondary local spread may be explained
by the fact that the overall contribution of the short-distance spread,
by different means (insects, water splash, and air), did not exceed the
contribution of the random long distance spread. We conclude that
esca does not generally spread from vines in close contact, and we
suggest instead that the new symptomatic vines often occur randomly
in the vineyard. The appearance of new cases may be more frequent in
areas of the vineyard that are the most conducive to esca, inducing an
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aggregated distribution. This conclusion is reinforced by the lack of a
clear relationship between the prevalence level and the spatial pattern
of the disease. In some vineyards showing a high prevalence, a
random pattern for the disease was observed.

The random or weakly aggregated pattern in most of the
vineyards in our study corroborated the results of previous spatial
analyses, even though they were conducted in different countries
under different agronomic conditions (Cortesi et al. 2000; Edwards
et al. 2001; Redondo et al. 2001; Sofia et al. 2006; Surico et al.
2000). The random spread can be explained by the dispersion of
pathogenic agents associated to esca. In the Bordeaux region,
P. chlamydospora, P. aleophilum, and F. mediterranea are the main
fungi associated with esca disease (Larignon and Dubos 2000).
P. chlamydospora and P. aleophilum are considered aerial fungi
(Eskalen and Gubler 2001; Larignon and Dubos 2000). They also
may be spread by water splash or insects (Edwards et al. 2001;
Mostert et al. 2005). Moyo et al. (2014) showed that arthropod may
be potential vectors of GTD and are effective in short-distance
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Fig. 5. P values of omnidirectional (left side) and row distance tests (right side) for vineyards 2, 4, and 9 over 8 years (2004 to 2011). Black points indicate P values
less than or equal to 0.005; gray points indicate values between 0.01 and 0.005; and white points indicate values equal to or greater than 0.01, corresponding to

strong, less strong, and no rejection of their null hypotheses, respectively.
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or long-distance pathogen dispersal, depending on the taxon.
F. mediterranea, associated with decaying wood, is considered a
wind-dispersed fungus because of the basidiospores found within or
outside vineyards. Consequently, the multiplicity of the dispersal
capacity of the fungi involved in esca may explain the absence of
typical patterns of spread.

For four of the vineyards surveyed (7, 8, 12, and 13), beginning in
the first years of the survey, very low P values were observed for
short-distance classes, thereby confirming an aggregation structure.
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We could interpret the significance tests for long-distance classes as
showing a relationship between two spatially distant diseased vine
clusters. The nonrandom spatial pattern within a vineyard can be
explained by the spatial heterogeneity of inoculum sources within
plots. The pathogenic fungi P. chlamydospora and P. aleophilum may
be present on plant surfaces or inside necrotic or nonnecrotic woody
tissues (Bruez et al. 2014; Gramaje and Armengol 2011). When
planting, using batches of the most contaminated plants in particular
areas of the vineyard may lead to spatial heterogeneity of esca among
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Fig. 6. P values of omnidirectional (left side) and row distance tests (right side) for vineyards 11 and 14 over 8 years (2004 to 2011). Black points indicate P values
less than or equal to 0.005; gray points indicate values between 0.01 and 0.005; and white points indicate values equal to or greater than 0.01, corresponding to the

strong, less strong, and no rejection of their null hypotheses, respectively.

TABLE 4. P values for each omnidirectional or row neighbor test (global neighbor test and tests for each neighbor order from 1 to 5), combining 8 years (2004

to 2011) of data?

Global neighbor

Neighbor order

. tests 1 2 3 4 5
Vineyard
number Omni Row Omni Row Omni Row Omni Row Omni Row Omni Row
1 0.3776 0.0539 - - - - - - - — _ _
2 0.2098 0.2318 - - - - - - — _ _ _
3 0.3916 0.7772 - - - - - - - _ _ _
4 0.1498 0.0809 - - - - - - — — _ _
5 0.0420 0.0220 - - - - - - — — _ _
6 0.4655 0.6274 - - - - - - - _ _ _
7 <0.001 <0.001 <0.001 0.004 0.001 0.1029 <0.001 <0.001 <0.001 <0.001 <0.001 0.9650
8 <0.001 0.0200 0.0420 0.2238 0.2218 0.2028 0.0320 0.1099 0.1868 0.2797 0.003 0.0200
9 0.0310 0.2547 - - - - - - - — _ _
10 0.9670 0.8182 - - - - - - - — _ _
11 0.6473 0.6833 - - - - - - — _ _ _
12 <0.001 0.003 0.004 0.002 0.0100 <0.001 <0.001 0.0849 <0.001 0.5804 0.003 0.0689
13 <0.001 0.002 <0.001 0.1658 0.6104 0.0889 0.0889 0.1109 0.0190 0.1758 0.0539 0.0899
14 <0.001 0.002 <0.001 0.0250 0.1978 0.1389 0.1389 0.1389 0.003 0.1808 0.0879 0.8741
15 0.3766 0.5724 - - - - - - - — _ _

2 Significant P values are marked in bold. The significance level was adjusted using a Bonferroni correction with the corresponding groups: P value = 0.05/15 =
0.0033 for omnidirectional and row global neighbor tests per vineyard, and P value = 0.05/5 = 0.01 for omnidirectional and row global neighbor tests per
vineyard per neighbor order.
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mature vines. These fungi are present on protected surfaces inside
cracks on cordons, trunks, and spurs, and in the old vascular tissues of
pruning wounds (Edwards and Pascoe 2001; Edwards et al. 2001;
Larignon and Dubos 2000). Local favorable microclimatic conditions
within the vineyard could promote spore production, local spread, and
infection by these fungi. This would consequently increase the number
of esca cases in certain areas, forming a cluster. Exogenous inoculum
from an environment close to the vineyard may also result in esca vine
clustering at the edge of the vineyard.

The aggregated structures of symptomatic vines can also be
explained by the heterogeneity of the structure and/or composition
of the soil within the vineyard. First, the spatial heterogeneity of
abiotic factors, such as levels of nutrients available for the plant, can
explain the nonrandom distribution of symptomatic plants and the
presence of clusters. Calzarano et al. (2009) showed differences in
the incidence of leaf symptoms attributable to fertilizer applications
and rainfall, suggesting that the greater availability of nutrients
increased the proportion in diseased vines with esca symptoms. The
heterogeneous structure of the soil can also lead to variability
among vines of the same plot for their morphological features con-
nected to water transport. Tramontini et al. (2013) showed that the
morphometric characteristics of the xylem are influenced by soil. In
a soil with a high availability of water, the vessel size was large.
Pouzoulet et al. (2014) also provided evidence of cultivar sus-
ceptibility being correlated with larger vessel diameters. Further
studies are needed to test the relationship between soil spatial het-
erogeneity and esca distribution over time within the four vineyards
that showed aggregated patterns. Relevant technology is available
to assess the spatial and temporal variability in soil environments
on a field scale (Celano et al. 2011).

This study highlighted the large differences in the rate of disease
and its progress over time among the plots. The temporal progress of
esca prevalence by calendar year from 2004 could be empirically
approximated by linear temporal curves for the majority of vineyards.
These results agreed with those of Marchi et al. (2006) in Italy, and
Reisenzein et al. (2000) in Austria. The authors observed a con-
stant increase in prevalence over time for surveys of mature vines. In
vineyards with the highest prevalence, a decreasing rate of disease
progress over the last three years was observed, probably because
fewer asymptomatic vines were available for foliar symptom expres-
sion. Because data recording only began when the vines were
between 14 and 19 years of age, and the initial temporal disease pat-
tern was unknown, we need to consider the relative prevalence
values. Previously symptomatic plants could have been pruned,
removed, or even have died, in 2004, when recording started. A
better estimation might have been obtained by considering the dead,
missing and newly planted vines if vine mortality had only been
caused by esca, but the causes of mortality were not available.

Despite the vines being the same cultivar, Cabernet Sauvignon, of
similar ages, and in the same region, our study showed strong
contrasting levels of esca prevalence among vineyards which could
potentially be explained by multiple variables, such as local cli-
matic factors, the level of primary infection, the external sources of
inocula, and the clonal and rootstock genetics associated with
viticultural practices. The choice of grapevine material, even for the
same cultivar, such as the type of clone or the rootstock variety, might
influence the vine’s vulnerability to GTDs. Our study revealed that
the highest prevalence of esca within vineyards occurred with the
rootstock 3309 C, described by Galet (1988) as being poorly adapted
to drought. This observation corroborated those of Murolo and
Romanazzi (2014), who found higher esca incidence levels on Fiano
and Sauvignon when these were grafted onto rootstock SO4 rather
than onto 1103P. They ascribed their results to the higher drought
resistance of 1103P compared with SO4. Additional research is
needed to better understand the variability of disease spread among
vineyards and, in particular, vineyards showing weak rates of esca
increase should be analyzed. We need focused studies to identify the
environmental and agronomic practices that reduce disease risk.
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With regard to the statistical tests used in this study, we would like
to emphasize two points. The first is the flexibility of the JC
statistics, which enables us to study different questions by changing
the definition of the neighborhood vine status, such as asymptomatic,
symptomatic at least one time, and symptomatic for a current year,
and by modifying the type of permutation. This statistical method
may be applied to examine other hypothetical spread processes. For
instance, the spatial dependence between dead and symptomatic
vines could be studied via the hypothesis of dead vines being a
source of available inoculum for new infections. The second point is
the hierarchical approach for hypotheses testing. This allowed us to
select vineyards showing significant GD values and to focus on
them to describe the spatial pattern of esca. These methods also
reduced the procedures involved in multiple testing.

Using data from a large number of vineyards, recorded over a
long period in the Bordeaux region, our results showed a weak, or
no, capacity of esca spread at short distances along rows, which was
not similar to those of Zanzotto et al. (2013). In their study, the
temporal and spatial data for esca from a single vineyard were an-
alyzed using Bayesian hierarchy models to identify spatial associ-
ations between symptomatic vines depending on the neighborhood
structure of the disease. Their results suggested that secondary spread
by rank exceeds the contribution of the random distribution of the
inoculum and, therefore, concluded there was a role for cultural
practices, such as the cuttings used, in secondary disease spread. In
our current study, in some vineyards, we identified small clusters of
two or three vines located along the rows, with no increase of their
size over time. The presence of these microclusters can be related to a
weak capacity for local transmission through the short-distance
spread of pathogenic fungi from one vine to another (Table 1) or to
similar locally conducive environmental conditions along the rows,
as indicated above. Consequently, we conclude that contaminated
pruning shears play a limited role in the spread of esca over time.
However, by taking into account the disease temporal progress,
which is rapid in some vineyards, we recommend that all of the
practical measures aimed to limit the sources of inoculum and
infection by the various pathogenic fungi associated with esca need to
be followed. Moreover, all of the factors stressing vines should be
reduced by adapting these measures to the agronomic and economic
context of the vineyard. Further research should be focused on the
identification of environmental key factors that explain esca aggre-
gation at vineyard scale. Knowledge of the spatial heterogeneity
factors (i.e., soil) should help to identify risk areas within vineyards.
Agricultural precision technology could be used to locate these areas
and specific control strategies could be applied to prevent esca spread.
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