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ABSTRACT: This research investigated the population density of infected trees with charcoal canker disease and the
interaction across the severity of the disease on Quercus castaneifolia in Hyrcanian forests, north of Iran. We used two-
dimensional spatial analysis tools with data gathered in point-centred quarter format in 2013. We investigated the co-
occurrence of the severity of the disease symptoms using the paired quadrat covariance analysis. The results showed that
nearly 54% of the oak trees were affected by the disease so that the dead trees and high disease severity were strongly clus-
tered at broader scales (800 m), the trees with only limited exudates and signs of the activity of Biscogniauxia mediterranea
(De Not.) Kuntze occurred in the clusters away from the dead trees. The crown mortality and beetle-infested trees co-
occurred with mortality and were strongly correlated. Also, the findings of this research showed that the density of trees

per hectare was one of the influential factors on the damage severity of the charcoal canker disease, so that reducing the

density could increase the damage severity of the disease.
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In the Mediterranean area, the main risk seems
to be related to a potential reduction of precipita-
tion and the consequences of this are that trees be-
come more susceptible to opportunistic organisms
such as fungal pathogens (Boyer 1995). Among
them, Biscogniauxia mediterranea (De Not.) Kun-
tze is well known as the causative agent of charcoal
canker in the oak and it is a serious problem in the
oak forest (CoLLADO et al. 2001; MAZZAGLIA et
al. 2001; NUGENT et al. 2005; CAPRETTI, BATTISTI
2007). B. mediterranea is a common cause of the
charcoal canker diseases and it is involved in the
massive decline of oaks (Quercus spp.) and other
trees in the forests of Europe, North America, Af-
rica, New Zealand, and Asia (CoLLADO et al. 2001;
PoRrTA et al. 2008; MIRABOLFATHY et al. 2011). The
spatial analysis of the plant diseases has been used
to describe the spatial pattern proposing improve-
ments in management and control methods (PETH-
YBRIDGE et al. 2005), identifying the factors that
influence the spread of the plant diseases (ROUMAG-
NAC et al. 2004) or improving the sampling strategy
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(FRANKLIN et al. 1995). In this regard, KeLLY et al
(2008) investigated the spatial pattern dynamics
of the oak mortality affected by sudden oak death
and the results of their research showed that in the
early process of the disease invasion, dead trees
were strongly clustered at smaller scales and after
three years this clustering was less pronounced.
GIENCKE et al. (2014) implemented the bivariate
point pattern analysis to examine the spatial pat-
terns of beech thicket formation and the beech bark
disease spread. Their results indicated that the dis-
ease severity of beech saplings was highest in close
proximity to highly cankered canopy beech trees.
In 2011, the charcoal canker was first reported on
Q. castaneifolia trees that represent a new host of
B. mediterranea in the Golestan forest in the north of
Iran (MIRABOLFATHY et al. 2011). A few years after
the first report, nevertheless, we do not know yet the
rate of oak mortality and density of tree infections in
the oak forests. Thus, the overall objectives of this
study are as follows: (1) to quantify the population
densities of trees with different degrees of disease
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Fig. 1. Study area of the Forest
Park Qoruq in Golestan prov-
ince, showing transect and node
locations
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symptoms (disease categories) across the study area,
(2) to determine the severity of co-occurrence of the
crown and stem symptoms and (3) to determine the
extent of clustering of the disease categories.

MATERIALS AND METHODS

Study area. The study area is located at the Forest
Park Qoruq (FPQ) in the Golestan province of Iran
input the map (54°43'N, 36°52'E; 105-600 m a.s.L).
Mean annual temperature from 1982 to 2012 was
17.2°Cand meanannual precipitation was700.81 mm,
with wetter months occurring between October
and June, and a dry season from July to September.
Average monthly temperature ranges from 7.5°C in
February to 27.3°C in August (Golestan Regional
Water Authority 2013). The area is on the unpaved
and uneven terrain with slope (0-50%). The soils are
deep, moderately well drained and stone-free with
silty clay loam and clay loam textures. The forests in
this region are dominated by oak (Q. castaneifolia),
hornbeam (Carpinus betulus), and is co-dominated
by Persian ironwood (Parritia persica) and Cauca-
sian elm (Zelkova carpinifolia).

Data collection. We collected data using the
point-centred quarter (PCQ) method in FPQ in the
summer of 2013. Therefore, parallel linear transects
were established 200 m apart, along the north-
south line of the study area (Fig. 1), which served
as the anchor point for seven transects. Sampling
centre points (nodes) were located at the distance
of 100 m from each other in each transect so that
to reduce edge effects, the nodes that were situated
at least at a distance of 100 meters from the forest
boundary were selected. The transects ranged from
4 to 22 nodes in length. The location of each centre
point was recorded with a global positioning sys-
tem (GPS) device. At each node, cardinal compass
directions defined four quadrants. The closest oak
tree (> 7.5 cm DBH) in each quadrant was labelled

262

with a number, crown cover mortality percent, di-
ameter at breast height (DBH) and disease status
were determined. The distance from the node cen-
tre and azimuth of each tree were recorded. Only
the trees that were within a maximum distance of
50 m from a node centre were recorded (COTTAM,
CurrTis 1956; KELLY et al. 2008).

Symptom severity evaluation of charcoal can-
ker. The first symptoms of charcoal disease that
may be observed are discolorations and browning
of the leaves, resulting in the drying of foliage, vis-
cous liquid exudates and lengthwise bark cracks.
Subsequently, the outer bark begins to slough off in
the area of the infection, and pieces of bark can be
seen at the base of the tree (RAGAZzI et al. 2012).
This bark loss exposes the first sign of the fungus,
which is a brownish fungal stroma where conidia
(or asexual spores) of the pathogen are produced.
This area may be several inches to several feet long
on limbs and trunks. In all infected trees were dead
and exhibited symptoms of charcoal disease with
carbonaceous, perithecial stromata erupting from
the bark on stems (MIRABOLFATHY et al. 2011).
Therefore, visual disease symptoms for each of the
trees at each node were evaluated and recorded.
Charcoal canker disease severity on individual
trees was ranked from 1 (no disease) to 5 (dead)
based on stem health and crown loss. Includes of
1: asymptomatic; 2: only limited exudates and signs
of the fungal activity of B. mediterranea (discol-
oration and browning of leaves, drying of foliage,
viscous liquid exudates observed on trunks) were
found; 3: exudates and signs of the fungal activity
plus longhorn beetles (Coleoptera, Cerambycidae);
4: exudates and signs of the fungal activity plus
beetles and deep canker (caused by the beetles and
an associated fungal pathogen) and wood-eating
beetle activity have increased the range; 5: dead
(McPHERSON et al. 2005; KELLY et al., 2008, MIRA-
BOLFATHY et al. 2011).We analysed the data from
the PCQ method in two ways: we estimated the
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population density of trees across the study area,
and then we examined the spatial pattern of the
crown mortality and associated symptoms.
Population density estimation. The population
density of the oak trees at each of the five different
symptom levels was estimated from the PCQ data
in three steps (CorTam, CURTIS 1956). First, the
mean of all node centre-to-plant distances (the
mean distance from the centre node to all four
sample trees) was calculated for all sample points,
regardless of the symptom, using the Equation 1:

d== YL, d; (1)

where:
n — overall sample size,
d, — point-to-plant distance.

The squared value of this mean distance gives the
mean grid area occupied by one tree. Second, the
population density of the oak trees at all symptom
levels can be estimated as the ratio between a unit
area (1 ha) and the mean grid area. The overall pop-
ulation density of the oak trees p (tree per ha) was
calculated as Equation 2:

(d) x m?/tree

where:

_ 10,000 mz/ha (2)

d — mean point-to-plant distance.

given the units of mean distance and area are meters and
square meters, respectively.

Finally, the population density of the oak trees
at a particular symptom level is calculated as the
product of the overall population density p and the
percentage of the trees at that symptom level. Thus,
the population density of symptom level i is denot-
ed by p, and p, = p x p, where Equation 3:

p, = n,/n x 100% (3)

where:
n,n — sample size of trees at symptom level i (i = 1-5)
and the overall sample size, respectively.

Spatial pattern analysis of mortality. The quad-
rat variance methods such as paired quadrat vari-
ances (PQV), “two-term local quadrat variance”
(TTLQV) as well as 3TLQV and others, are used
predominantly for one-dimensional regularly-
spaced transect data. In order to apply the quadrat
variance methods to the transect data for detection
of the scale of disease clustering, we adjusted the
PCQ transect data in two steps: first, we treated
the nodes along each transect as the centres of the
quadrats, and the width of quadrats is determined
as the maximum point-to-plant distance. Second,
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the quarter-wise observations were converted to
quadrat-wise observations by replacing the four-
quarter records with the mean or maximum value
for each node. We applied two quadrat variance
analysis methods including two-term local quadrat
variances (TTLQV) and three-term local quadrat
variance (3TLQV), to the adjusted transects data.
The two methods were defined in the Equations
(4-5) (DALE, MAcCISAAC 1989):

Zn+1—3r(zi'+r'—1 xj-2 Zi+2r—1xj+2i+3r—1xj)z

i=1 j=i j=i+r j=i+2r
3TLQV(V) - 8r(n+1-3r) (4)
ST EET - BT %)
TTLQV(r) = 2r(n+1-2r) ()
where:

X - observation on the j-th quadrat,

n — total number of quadrats,

r — scale parameter, which is the integer-times of the
quadrat size.

Paired quadrat variances are mathematically
identical to a one-dimensional variogram analysis,
detecting the scale of the pattern under investiga-
tion (BRYANT et al. 2005). Just as the variogram can
be extended to a cross-variogram for covariance
analysis, the PQV can also be extended to a paired
quadrat covariance (PQC) in order to study the
co-variance among oak trees at different symptom
severity. To do this, the PCQ transect data were ad-
justed as follows: for each symptom severity level,
the quadrat value at each node was recorded as 1
or 0 (presence or absence of a symptom). This gen-
erated five binary transects of quadrats, each of
which corresponded to one symptom. The PQC is
similarly defined in the Equation 6:

Viocolihr) = B (o _;E:l*:)r(;clk ~ Xjjerr) ©)
where:

X, X;; — presence/ absence values on the k-th quadrat for
symptom severity level i and j, respectively,

n — total number of quadrats,

r — scale parameter, which is the integer-times of the

quadrat size.

We used the formulae above to analyse data along
the longest transect in our study area.
RESULTS
Population density estimation
In total, data from 400 trees with an average

diameter of 52.55 cm with a diameter range of
15-140 cm were registered in seven transects with
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Table 1. Tree density and mean disease state (oaks-ha™) for
seven transects that have four nodes at least. Mean disease
state is the mean of the disease rating scale (1-5) recorded
for the oaks in each transect

Tran- No.of Mean Minimum— Mean disease
sect nodes (trees-ha™!) maximum state + (SD)
1 14 17.55 12.63 1.4-53 2.5+ (1.1)**
2 14 18.61 1032 1-38.8 1.9+ (1.4)P
3 17 17.38 9.96 3.7-49.48 2.3+ (1.4)®
4 22 19.65 11.53 1.7-47 2.2 £ (1.7)°
5 16 17.28 12.75 1-56 2.0 + (1.4)°
6 15 19.11 11.43 2.26-53.5 2.0 + (1.4)°
7 4 21.40 1447 3-52 1.8 £ (1.4)°

*significant at P = 0.01

102 nodes. The mean node centre-to-plant distance
(for all oaks) is 17.8 + (11.8) m, and the population
density of all oak trees in the study area is 32.2 trees
per hectare (Table 1).

The population density of the trees at different
symptom levels is reported in Table 2. The results
showed that the frequency and density (tree-ha™') of
the asymptomatic trees were much higher than in
the other trees and the trees with symptom levels 4
(exudates and sign of the fungal activity plus beetles
plus deep canker caused by the beetles and an associ-
ated fungal pathogen and wood-eating beetle activity
had an increased range) were the lowest. The results
also showed that trees with higher disease severity
accounted for the lowest percentage of oak trees in
the study area allocated (Table 2). Nevertheless, the
results showed that 54 percent of the trees were in-
fected, so that 17.3% of these trees could not recover
his health and 13.0 percent was dead (Table 2).

Spatial pattern analysis of mortality

The results from both TTLQV and 3TLQV meth-
ods of transect analysis are very similar. The 3TLQV
and TTLQV plots show strong clustering of the crown
mortality within the distance of 800 m, as shown in
Fig. 2. 3TLQV and TTLQV plots of both mean symp-
tom severity number of 5 (trees from all four quad-
rants at a node had dead crowns) and maximum of
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Fig. 2. Results of the transect analysis for clustering of
overstorey mortality: (a) two-term local quadrat variance
(TTQLV) analysis of the longest transect using the mean
symptom severity from each node and the maximum symp-
tom severity from each node (b) three-term local quadrat
variance (3TQLV) analysis of the longest transect using the
mean symptom severity from each node

5 (at least one of the trees in the four quadrants at a
node had a dead crown) showed strong clustering at
800 m, or in other words (Fig. 2), distinguished clus-
ters with large open spaces between overstorey mor-
tality clusters are available.

We compared co-occurrence in space for trees with
the symptoms: asymptomatic and crown mortality
(1 and 5), exudates and crown mortality (2 and 5),
exudates plus beetles and crown mortality (3 and 5),
deep canker plus trunk bark isolated and crown mor-
tality (4 and 5) by using the PQC analysis (Fig. 3a).
Besides this, co-occurrence in space for trees with

Table 2. The frequency, percentage and population density of trees with different symptom levels

Symptom level

asymptomatic with exudates with beetles exudates and beetle has increased  dead
Frequency 166 102 50 38 56
Absolute frequency 76.3 57.7 35 26 35
Relative density 40.2 24.65 12.2 9.35 13.6
Absolute density (tree-ha™?) 12.9 7.9 3.9 3 4.4
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Fig. 3. Results of PQC: (a) data comparing nodes with
exudates and mortality, symptom level 5, and symptoms
4 and 5, (b) data comparing nodes with symptom level 1
and 4, symptom level 2 and 4, and symptom level 3 and 4

the symptoms: asymptomatic and deep canker plus
trunk bark isolated (1 and 4), limited exudates and
deep canker plus trunk bark isolated (2 and 4), exu-
dates plus beetles and deep canker plus trunk bark
isolated, (3 and 4), by using the PQC analysis (Fig. 3b),
and we review the results symptom-by-symptom.
The strength of the association with mortality is in
relation to the “0” variance x-axis, where a strong as-
sociation is positive and a weak association is nega-
tive. For both analyses by PQC, we see an increas-
ingly strong association of the symptom state with
mortality as the tree transition progresses from exu-
dates to beetle infestation, to deep canker plus trunk
bark isolated. Exudates: earlier in the epidemic of the
charcoal disease, exudates did not co-occur with trees
which had deep canker plus trunk bark isolated and
dead trees. But at 800 m exudates occurred close to
the dead trees, indicating perhaps a new cohort of
infected trees in the forest. The relationship of the
disease severity was even more pronounced: crown
mortality and deep canker plus trunk bark isolated
(4 and 5), and exudates, canker development and deep
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canker plus trunk bark isolated (3 and 4), occurred in
close. Beetles: beetle-infested trees did not co-occur
with mortality, but were associated with trees that
had deep canker plus trunk bark isolated in clusters
at 400, 700 and 1,100-1,300 m. The trees which had
deep canker plus trunk bark isolated displayed much
spatial patterning, and were found throughout the
forest and were strongly correlated with dead trees
across all scales.

DISCUSSION AND CONCLUSIONS

This work provides an estimate of the density of
symptomatic trees at different severity of disease
across a forested landscape affected by the charcoal
canker. The results showed that 54% of the trees in
the surveyed area were infected so that 17.3% of
these trees could not recover their health and 13.0%
were dead. According to these results, the Forest
Park Qoruq can be one of the charcoal canker foci
in the hardwood forests of Iran introduced. Because
less than two years have passed since identifying
the pathogen of charcoal canker in the forest where
the severity of the damage has increased. The non-
uniform distribution of the disease severity may
indicate the factors of the local destruction such as
humans (soil compaction, logging and thinning of
canopy) (ANDERSON et al. 2004) and pests (Lyman-
tria dispar) and abiotic factors (drought) with char-
coal canker (DESPREZ-LOUSTAU et al. 2006; HAJ1ZA-
DEH et al. 2013). Meteorological data, an average
increase in temperature (0.6°C) and a decrease in
mean monthly rainfall (11.5 mm) and drought in the
hot months of the year (August) in the past 5 years,
the 30-year average shows that these can the factors
that increase the spread of charcoal canker disease
in the region. However, the abundance and density
of healthy trees and trees with lower disease sever-
ity indicate the start of the first wave of the disease
in the study area in recent years (MIRABOLFATHY et
al. 2011). In addition, the results showed that the se-
verity of charcoal canker in less than seven transects
was lesser but the highest density of trees per hect-
are was observed in seven transects instead. Also
in transect one with the greatest degree of damage,
tree density on the surface of transects was too low.
Therefore, based on these results it can be conclud-
ed that the density of trees per hectare is one of the
factors affecting the disease severity and the nega-
tive correlation of disease severity with the density
of trees per hectare. The results of this study with the
results of McBRIDE, APPEL (2009) showed that with
the mass and density of trees in natural forests and
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plantations, the disease severity of the oak becomes
higher and the spread of charcoal canker increases.
So the management and conservation of the forest
tree density per hectare should be maintained at
an appropriate level until the outbreak of charcoal
canker is slower. Also our results in accordance with
KELLY et al. (2008) indicate that the disease severity
of the charcoal canker in the oak forest is not ran-
domly distributed. Therefore, based on the results
obtained, we can acknowledge that in the earlier epi-
demic, the dead trees are strongly clustered at large
scales (800 m) (GIENCKE et al. 2014). The results of
the relationship between the severity of the disease
symptom classifications of the dead oak trees using
the paired quadrat covariance (PQC) showed that
the trees with great damage caused by the disease
have a strong association with dead trees so that
healthy trees or with low severity of the disease were
far from dead trees (Kot et al. 1996; HAVEL et al.
2002; KELLY et al. 2008; MEENTEMEYER et al. 2008).
The close relationship with the severity of the tree
damage and the dead trees were perhaps indicative
of the prevalence of the disease in a specific location
which may be due to differences in microclimatic
conditions and the tree resistance against the disease
in each location (MEENTEMEYER et al. 2008). Similar
results have been reported in other plant ecosystems
exhibiting passive pathogen dispersal, whereby the
dispersion slope favours new infections closer to the
source of the inoculum (CARLSSON, THRALL 2002;
HASTING et al. 2005). However, the interpretation
of the role of fungi and insects in relation to other
biotic and abiotic factors in oak death is difficult be-
cause many factors and interventions are involved
in the oak mortality. Many of these organisms can
cause physiological abnormalities that are not easily
visible, but they can induce handicapping trees and
increase their susceptibility to infection with other
parasites. These findings support the forest decline
models developed by MANION in 1991 and show
that it is important to take into account the role of
opportunistic pathogens in tree mortality processes.
According to the results of this study, the mean level
of 800 m clusters of trees with the crowns dried to
producing can be a good guide for identifying and
mapping the oak mortality. The strong correlation
between the severities of great damage with the
dead trees may indicate the focus of infection, pro-
viding the optimal conditions for the fungal growth
and sporulation of B. mediterranea. Large inocu-
lums to dead trees provide the place and trees near
the centre will be more contaminated. The evidence
presented in this study, new insights into the highly
complex spatial distribution and co-occurrence se-
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verity of the charcoal canker disease in the oak for-
est. Because we have shown that the trees with great
damage severity are closely related to each other,
these findings might be useful in the control of the
charcoal canker disease and restoration of forests
affected by the pathogen, which the oak declining
the cluster occurs. Specifically, these findings con-
firmed the results of the research which showed that
the infected trees with great damage severity of the
charcoal canker disease should be cut and burned to
the ground nearest the trunk and if possible chumps
should also be removed and burned from the in-
creased pathogen inoculation in order to prevent
the spread of the disease. Therefore, it is essential to
identify the foci of the infection and they should be
managed to prevent the outbreak.
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