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Summary

Ceratocystis wilt, caused by Ceratocystis fimbriata, has become the most important disease in eucalyptus (Eucalyptus spp. and hybrids)
plantations in Brazil. To further our understanding of the epidemiology of this disease, we surveyed eucalyptus plantations in the states of
Minas Gerais and Bahia that were known to have Ceratocystis wilt or were thought to have been planted with infected rooted cuttings.
There was generally higher disease incidence in the Minas Gerais plantations, which were on former Cerrado forest sites and likely had
soilborne inoculum prior to planting eucalyptus. In such plantations, disease incidence was not evident before 20 months after planting
but slowly increased up to 50% at 74 months. The symptomatic and killed trees were aggregated, perhaps from uneven distribution of
inoculum in the soil. Also, the progression of cumulative disease incidence best fit a monomolecular model, which is typical of soilborne
diseases (fixed level of initial inoculum with little or no secondary inoculum during the crop rotation). However, plots where some trees
had been harvested during the rotation showed very high levels of disease incidence in the sprouts that arose from stumps, suggesting
secondary spread of the pathogen on harvesting tools or machinery. Most of the Bahia plantations were on pastureland prior to eucalyptus
cultivation, and the pathogen was likely introduced with infected nursery stock. In such plots, symptoms were evident as soon as 7 months
after planting, and most of the mortality occurred within 12 months. The diseased trees on former pastureland sites were sometimes
aggregated within planting rows, suggesting that bunches of infected nursery stock were planted together within the rows. Care should be
taken in planting disease-free planting material and spreading the pathogen on tools, but on sites with soilborne inoculum, use of resistant
clones may be the only management option.

1 Introduction

Ceratocystis wilt is arguably the most important disease in clonally propagated eucalyptus (Eucalyptus spp. and hybrids) plan-
tations in Brazil, where nearly 5 million hectares have been planted with eucalyptus (Alfenas et al. 2009; ABRAF, Associacdo
Brasileira de Produtores de Florestas Plantadas 2012). As the industry has expanded, Ceratocystis wilt has become an increas-
ing problem. The disease is caused by Ceratocystis fimbriata Ellis & Halst., a native of South America with a broad, but highly
variable, host range (Baker et al. 2003; Thorpe et al. 2005; Ferreira et al. 2010; Harrington et al. 2011; Harrington 2013).
Some consider the name C. eucalypticola M. van Wyk & M.]. Wingf. to be more appropriate for the causal agent of Ceratocystis
wilt on eucalyptus (van Wyk et al. 2012). However, previous work (Ferreira et al. 2010; Harrington et al. 2011) showed that
Brazilian isolates from eucalyptus and other hosts are interfertile with each other and with strains from sweet potato (Ipomoea
batatus), the original source material for the description of C. fimbriata. Furthermore, Brazilian strains are not host-specialized
nor distinguished morphologically or phylogenetically. Therefore, the eucalyptus strains in Brazil are considered herein as
C. fimbriata sensu stricto. Although other strains of the pathogen and other Ceratocystis spp. have been reported on eucalyptus
around the world (Nkuekam et al. 2012; van Wyk et al. 2012), Brazilian strains of C. fimbriata s.s. have been the most damag-
ing in causing mortality and reducing yield (Ferreira et al. 2007; Alfenas and Ferreira 2008).

Ceratocystis wilt was first observed in eucalyptus in 1997 in the state of Bahia (Ferreira et al. 1999) and has been most
studied there and in the adjacent state of Minas Gerais (Ferreira et al. 2011). It is also known in the states of Espirito
Santo, Mato Grosso do Sul, Sdo Paulo, Maranhdo and Para (Alfenas et al. 2009; Ferreira et al. 2011). Genetic analyses of
isolates of C. fimbriata suggest that Brazilian genotypes have been moved to other regions of South America, Africa and
Asia in infected eucalyptus cuttings (Roux et al. 2000; Barnes et al. 2003; van Wyk et al. 2006, 2012, 2012; Ferreira et al.
2010, 2011; Harrington et al. 2011).

Infections typically start in the roots or base of the tree and move up into the stem, causing a dark staining of the woody
xylem, primarily in a radial pattern in cross-section, following the ray parenchyma. Ceratocystis wilt also is characterized
by slightly sunken cankers, wilting and drying of lateral branches or the tops of trees, or death of the whole tree (Ferreira
et al. 2006; Alfenas et al. 2009; Harrington 2013). The epidemiology of Ceratocystis wilt in eucalyptus is not fully under-
stood, but recent genetics studies have found Brazilian populations of C. fimbriata to be highly variable in aggressiveness
and have suggested that the pathogen is soilborne and native to certain forest types, such as the Mata Atlantica and
Cerrado forests of Brazil (Ferreira et al. 2010, 2011; Harrington 2013). The two forest types differ in that the former is
coastal, generally with higher rainfall and densely stocked, while Cerrado forests are more interior, typically have an
extended dry season during the cooler winter months, and are more open.

Populations of C. fimbriata introduced on contaminated tools or in clonally propagated material show little or no genetic
variation (Ferreira et al. 2011; Harrington et al. 2011). Harvesting trees may increase levels of soilborne inoculum due to
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sawdust contaminated with aleurioconidia (pigmented, thick-walled conidia produced in wood), and the pathogen may
spread on cutting tools to other stumps, which may be managed for coppice or for collecting cuttings for rooting in a
nursery (Ferreira et al. 2011; Harrington 2013). Contaminated nursery stock is a major source of inoculum, especially on
former pastureland sites, which may have little or no soilborne inoculum (Ferreira et al. 2011; Harrington 2013). Although
there is a possibility that the fungus is carried by insects (Heath et al. 2009; Nkuekam et al. 2012), insect vectors have not
been identified in Brazil and may not be important (Harrington 2013). Thus, the epidemiology of the disease is complex
and our knowledge incomplete. A better understanding of the sources of inoculum and progression of the disease over time
may lead to more effective management.

To further our understanding of the epidemiology of Ceratocystis wilt in eucalyptus, we surveyed eucalyptus plantations
in Minas Gerais and Bahia that were known to have Ceratocystis wilt or were thought to have been planted with infected
rooted cuttings. We compared the incidence and spatial distribution (degree of aggregation) of the disease in plantations
on formerly forested sites (presumably with soilborne inoculum) and former pastureland (with little or no soilborne inocu-
lum). We also studied the progression of disease over time to determine whether the disease follows a simple or com-
pound interest model.

2 Material and methods

2.1 Data collection and study areas

Disease incidence was assessed for all trees in temporary or permanent plots established from 2003-2008 within 27 com-
mercial eucalyptus plantations in the states of Minas Gerais and Bahia. Each plantation was of a clonally propagated hybrid
of Eucalyptus grandis x E. urophylla (urograndis), except plantations BASH and BA9H, in which the planted clone (H) was
a natural hybrid of E. grandis (open pollinated) and plantations of clone G, which was E. urophylla x E. camaldulensis
(urocam). Each plantation was designated by state, plantation number and clone designation (Table 1). In most cases, the
location of each dead, symptomatic and asymptomatic tree was mapped, and the distribution of diseased trees was analy-
sed for the presence or absence of aggregation. Planters generally start at one end of the area to be planted, usually along
a roadside, and plant trees in a row perpendicular to the road. The orientation of the planting rows was noted, as well as
tree spacing within and between rows.

In all of the selected plantations, the presence of Ceratocystis wilt was confirmed by assessment of foliar and xylem
symptoms. Symptomatic trees typically have many wilted or dead leaves attached to the affected branches, and the dark
brown to black discoloration in the woody xylem, especially if in a radial pattern, is unique to Ceratocystis wilt (Ferreira et
al. 2006; Alfenas et al. 2009). The pathogen was isolated from discoloured xylem taken from at least some of the killed or
symptomatic trees in most of the plantations (Ferreira et al. 2011). Elongated cankers were also present on some affected
trees. Within each plot, all trees showing wilt symptoms (dead foliage hanging throughout the tree or on some major
branches) were noted as symptomatic for Ceratocystis wilt, although some trees also were checked for xylem discoloration.
Dead or missing trees in an area with confirmed Ceratocystis wilt were classified as killed by Ceratocystis wilt unless there
was some other obvious cause of death.

2.1.1 Minas Gerais plots

The surveyed plantations in Minas Gerais were in natural Cerrado forest type prior to eucalyptus cultivation (Table 1).
Plantations of three different clones (C, G and I) were sampled near the towns of Curvelo and Jodo Pinheiro (Ferreira et al.
2011). Nine plantations were sampled before harvest. The plots in MG2C, MG9C, MG11C, MG14I and MG15I were purposely
placed in areas of the plantation where Ceratocystis wilt was known to occur. The plots in MG16G, MG17G, MG18G and
MG19G were purposely placed in a portion of the plantation with a high incidence of Ceratocystis wilt. Plots MG1C-s,
MG9C-s and MG10C-s were randomly placed in areas of three plantations where the trees had been harvested and stump
sprouts were used for collection of propagation cuttings to be taken to a nursery for rooting (letter ‘s’ designates that
regenerated sprouts were surveyed for disease incidence). In most cases, the sprouts had been thinned to a single sprout
per stump by the time of sampling.

2.1.2 Bahia plots

Plantations of four eucalyptus clones (A, B, D and H) were surveyed in Bahia (Ferreira et al. 2011). Most of the surveyed
plantations were on former pastureland with no woody vegetation prior to planting eucalyptus (Table 1). However, planta-
tions BA8H and BA9H were planted on a former pastureland site that had advanced, natural woody regeneration, which
had been removed prior to eucalyptus planting in 2003. Plots in BA8H and BA9H were placed in areas of the plantations
where Ceratocystis wilt was known to occur.

Plantation BA1A-s was a site of a small farm before clearing and eucalyptus planting in 1996. The plantation was heavily
damaged in a windstorm in 2000, and in 2001, the damaged trees were cut and sprouts from the stumps were a source
material for the production of rooted cuttings that were planted elsewhere in south Bahia, including plantations BA2A,
BA3A, BA4A and BASA. The identified genotypes of C. fimbriata from the latter plantations were mostly identical to the
genotypes found in the source of the cuttings, plantation BA1A-s (Ferreira et al. 2011). Plantations BA2A, BA3A, BA4A and
BAS5A were visited because it was known that they were planted with cuttings taken from BA1A-s, and plots in those young
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Table 1. Disease incidence and spatial autocorrelation analysis of Ceratocystis wilt in eucalyptus plantations planted on former Cerrado
forest sites, former pastureland with woody regeneration, a former small farm with woody plants, and former pastureland without woody

regeneration.
Autocorrelation proximity
Plantation Per cent pattern of disease
Vegetation Number of age at symptomatic Spacing of distribution?
before consecutive  Size of time of and dead trees within
eucalyptus  Plantation plantings of  plots survey trees at time  rows x across ~ Within  Across
plantations  and clone® City eucalyptus (m) (months) of survey rows (m) rows rows  Diagonal
Cerrado MG1C-s® Curvelo ND* 40 x 40 56/18° 50.1 2x3 12% 6* 3wk
Forest MG2C Curvelo ND 40 x 40 74 12.8 2x3 Rl 0 0
MG9C Curvelo ND* 40 x 40 74 2.7 2x3 0 0 0
MG9C-s® Curvelo ND 40 x 40 56/18° 39.7 2x3 20* Vo 7%
MG10C-s*>  Curvelo ND 40 x 40 50/12% 22.6 2x3 4% 0 1%
MG11C Curvelo ND 40 x 40 62 15.6 2x3 S** 1** 1+
MG16G Jodo First 50 x 10 33 45.8 2 x (6/3)S 47%* 3H* 5%
Pinheiro
MG17G Jodo First 50 x 10 33 51.7 2 x (6/3)° 3* 1** 0
Pinheiro
MG18G Jodo First 50 x 10 33 62.9 2 x (6/3)° 11* 7* 6*
Pinheiro
MG19G Jodo First 50 x 10 33 46.9 2 x (6/3)° 5* i 1
Pinheiro
MG141 Curvelo ND 50 x 40 50 5.7 2x3 0 0 0
MG15I Curvelo ND 50 x 40 74 12.3 2x3 11** 1** 1**
MG20G Bocaiuva First 10 x 10 20-53 13.4-44.4 2x3 ND ND ND
Pastureland BA8BH Eunapolis First 13 x 52 65 48.5 24 x5 2% 0 0
with Woody BA9H Itabela First 18 x 52 62 40.0 24 x5 S 2% 0
Regeneration 74 51.0 24 x5 4% 2%* 0
Small Farm BA1A-s® Eunépolis First 10 x 39 48/24° 22.3 24 x5 0 0 0
with Woody
Plants
Pastureland BA2A Eunapolis First 50 x 20 17 1.2 24 x5 12%* 3k 2%*
without BA3A Eunapolis First 50 x 25 19 1.4 24 x5 g 0 0
Woody BA4A Eunapolis Second 50 x 25 12 1.5 24 x5 12%* 1%+ 1**
Regeneration ~ BASA Eunapolis Second 56 x 52 17 2.9 24 x5 Sk 1+ 1+
BA10B-s>  Teixeiras First 50 x 40 66/6° 12.8 3x3 5% 2% 0
de
Freitas
BA11B Teixeiras Second 50 x 42 6 4.1 3x3 0 0 0
de
Freitas
BA12B Teixeiras Second 50 x 42 6 4.0 3x3 2% 0 0
de
Freitas
BA13B Teixeiras Third 50 x 10 12 24.2 3x3 2%* 2%* 0
de
Freitas
BA6D Caravelas Second 35 x 30 17 1.4 3x3 3¥* 1] 0
The first two letters designate the state (MG = Minas Gerais, BA = Bahia), and the letter after the plantation number designates differ-
ent clones of Eucalyptus.
“Number of positive continuous spatial lag positions (SL+) within rows, across rows and diagonally that are contiguous with the origin
[0.0] lag in the core cluster. Significant autocorrelation coefficients at the p = 0.05 and p = 0.01 levels are indicated by single and
double asterisks, respectively.
3Plantations designated with a ‘s’ were harvested, and then stump sprouts were assessed for disease incidence. The number before the
slash is the age of the plantation at the time of harvest, and the number after the slash is the age of the stump sprouts at the time of
survey.
*Not determined.
52 x (6/3) spacing consisted of rows alternating between 6 and 3 m across.

plantations were placed in the few areas where Ceratocystis wilt was evident. The plot in plantation BA1A-s was placed in
a storm-damaged area that was heavily diseased and had been used for collection of cuttings.

Clone B was the first eucalyptus clone to be recognized with Ceratocystis wilt, and the Teixeira de Freitas area (planta-
tions BA10B-s, BA11B, BA12B, BA13B, BA14B, and BA15B) was the first location where the disease was recognized in
Brazil (Ferreira et al. 2011). Ceratocystis fimbriata had been recovered from infected cuttings of clone B at a large nursery
in Bahia, and a limited number of genotypes of C. fimbriata had been identified in this and other clones in Bahia and Sao
Paulo, suggesting that the nursery was a source of infected cuttings (Ferreira et al. 2011). Plantations BA10B-s was in its
first rotation of eucalyptus, the stand was harvested at 66 months in 2002, and the sprouts from those stumps were
assessed for disease incidence 6 months later. Plantations BA11B and BA12B were in the second rotation of eucalyptus,
and BA13B was in its third rotation. Eucalyptus had been grown at site BA12B since 1976, and the vegetation before
eucalyptus was probably pastureland. All plots in plantations of clone B were placed in areas where the disease was known
to occur, except that the plots in BA14B were placed at random.
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The cuttings for plantation BA6D came from a nursery in another state, Espirito Santo, but the genotype found in that plan-
tation was identical to a common genotype of C. fimbriata recovered from clone B plantings (Ferreira et al. 2011). Previous
to eucalyptus, the BA6D site was in pastureland (Table 1). Plots were placed where the disease was known to occur.

2.2 Disease progress within plantations

Disease incidence (number of diseased trees divided by the total number of trees assessed x 100) was assessed over time
in plantations that were believed to have had soilborne inoculum prior to planting eucalyptus (MG20G, BAS8H and BA9H)
or in plantations that were believed to have been planted with infected rooted cuttings of clone B (Ferreira et al. 2011). In
each plot, all trees were classified as asymptomatic, symptomatic or dead using a binary scale (0 = apparently healthy and
1 = diseased, both symptomatic and dead). Unless there was evidence of another cause of mortality, dead trees were con-
sidered killed by Ceratocystis wilt.

Five permanent plots (10 x 10 trees) of 100 trees each in plantation MG20G (near the town of Bocaitiva) were assessed
18 times from 20 to 53 months after planting to a former Cerrado forest. Similarly, three permanent plots of 100 trees
(10 x 10 trees) in BA8H and four permanent plots of 100 trees (10 x 10 trees) in BA9H were surveyed four times at 34—
74 months after planting.

The proportion of diseased trees in the MG20G plots was compared over time using various temporal population growth
curve models. Absolute rates of disease progress were calculated for each plot after transformation of the proportion
of diseased trees to four population growth curve models in their linearized form: monomolecular (In[1/(1 -y)] =
In[1/(1 — yo)] + rmt), exponential (In[y] = In(yo) + rgt), logistic (In[y/(1 —y)] =In[y/(1 —yo)] + r.t) and Gompertz
(-In[-Iny] = —In[-In(yo)] + rgt) (Campbell and Madden 1990), where y, is the initial proportion of trees diseased, y is the
proportion of trees diseased and t is time; ry is the rate for the monomolecular model, rg is the rate for the exponential
model, r; is the rate for the logistic model and r; is the rate for the Gompertz model. The models were compared and the
best model was selected based on the highest coefficient of determination (R?), statistical significance (Pr > F), lowest mean
squared error (MSE) and absence of undesirable trends in residuals (Nutter 2007).

Proportions of diseased trees were determined in five plantations (BA11B, BA12B, BA13B, BA14B and BA15B) of clone
B in southern Bahia. In each plantation, the cuttings were believed to have been infected in the nursery (Ferreira et al.
2011), and the cuttings were planted on former pastureland. Plantations BA11B and BA12B were assessed once, at
6 months of age, while plantation BA13B was assessed at 12, 18, 25 and 34 months, and plantation BA15B was assessed
at 12 and 18 months. Disease levels in plantation BA14B were assessed in randomly distributed, temporary plots at
7 months, and a second set of randomly distributed plots were used for the 33-month assessment.

2.3 Spatial pattern of disease

Binary (presence/absence) spatial maps of diseased trees (symptomatic and killed) were prepared for 42 plots in 25 plan-
tations. The degree of aggregation and the directionality of the aggregation of diseased trees were determined within plant-
ing rows, across rows and diagonally by spatial autocorrelation analysis, using the software LCOR2 (Gottwald et al. 1992).
The spatial location [x, y]| of each tree and the disease status (z) of the plants were used as input data for the analysis. The
numbers of contiguous and discontinuous positive spatial lag correlations (SL+) from the lag position [0,0] was estimated
for the three directions (within row, across rows and diagonally) with statistical significance levels of p = 0.01 and
p = 0.05 (Campbell and Madden 1990).

3 Results

3.1 Disease incidence and temporal progress

The sampled plantations varied greatly in disease incidence (Table 1). Most of the plots were purposely established in dis-
eased portions of plantations, so it is difficult to compare disease levels. Nonetheless, there was generally higher disease
incidence in the Minas Gerais plantations, which were on former Cerrado forests sites (Ferreira et al. 2011). Of the three
eucalyptus clones surveyed in Minas Gerais, the highest disease incidence was seen in clone G, which was the only
E. urophylla x E. camaldulensis clone in the study. The plots of stump sprouts of clone C (MG1C-s, MG9C-s and MG10C-s)
had higher disease incidence than unharvested eucalyptus plantations of clone C of approximately the same age (Table 1).
At 74 months after planting, the unharvested section of plantation MG9C had only a 2.7% disease incidence, but disease
incidence was 39.7% in stump sprouts in the area of the plantation that had been harvested at 56 months (Table 1).

The Bahia plantations BABH and BA9H also had high disease levels (Table 1), and both plantations had natural woody
regeneration prior to clearing and planting of clone H (Ferreira et al. 2011). The disease incidence also was relatively high
(22.3%) in the 2-yr-old sprouts that came from the stumps created 4 years after planting BA1A-s, which was formerly a
small farm (Table 1).

There was a low incidence of disease in the plantations of clone B surveyed at 6 or 7 months (Tables 1 and 2, Fig. 1),
but plantations of clone B had higher disease levels at 12 months of age or older. A plantation of stump sprouts (BA10B-s)
had disease incidence of 12.8%. Disease incidence was also higher in plantation BA13B (Table 1), which was in its third
rotation of eucalyptus and may have been planted to a susceptible eucalyptus clone in previous rotations. Plantations of
clone A and D on former pastureland sites had low disease incidence, although the plots were purposely placed in diseased
areas of the plantations (Table 1).
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Table 2. Disease incidence and spatial autocorrelation analysis of Ceratocystis wilt in 18 plots within eucalyptus plantation BA14B at
7 months or 33 months after planting on a former pasture site at a 3 m x 3 m spacing.

Autocorrelation proximity pattern of
disease distribution®
Plantation age at time of survey (months) Plot number Disease incidence (%) Within rows Across rows Diagonal
7 P1 5.0 0 2% 0
P2 2.8 0 0 0
P3 4.0 0 0 0
P4 5.2 0 0 0
P5 6.0 0 0 0
P6 3.0 0 0 0
P7 1.0 0 0 0
P8 8.8 0 0 0
33 P9 24.4 2% 0 0
P10 18.8 2%* 0 2%*
P11 12.8 2%* 0 0
P12 15.0 2%* 0 0
P13 17.2 0 2% 0
P14 27.2 0 0 0
P15 19.6 0 0 0
P16 2.2 0 0 0
P17 31.2 0 0 0
P18 36.2 0 0 0
INumber of positive continuous spatial lag positions (SL+) within rows, across rows and diagonally that are contiguous with the origin
[0.0] lag in the core cluster. Significant autocorrelation coefficients at the p = 0.05 and p = 0.01 levels are indicated by single and dou-
ble asterisks, respectively.
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Fig. 1. Proportion of trees diseased in five eucalyptus plantations on former pastureland sites planted with rooted cuttings of clone B that
were likely infected with Ceratocystis fimbriata in the nursery.

3.2 Disease progress within plantations

In contrast to Bahia plantations, Ceratocystis wilt was not observed in young (<12 months old) plantations in Minas Gerais,
and the surveyed plantations there were 33—74 months old (Table 1). In MG20G, disease incidence was low at 20 months
and slowly increased to 44.4% at 53 months (Fig. 2a). Just below 10% of the living trees were symptomatic throughout
most of this period, but newly killed trees were still evident and the disease incidence still appeared to be increasing at
the 53-month assessment. The disease progressed similarly in all five plots within plantation MG20G, although there were
some minor differences in disease levels among the plots (Fig. 2b).

When the proportion of symptomatic and dead trees in MG20G was transformed to test for the best fit of various
temporal models, each of the four tested growth curve models fit the disease progress data (Table 3). However, the linear
monomolecular model provided the best fit for the data, with the R* for the five plots ranging from 0.87 to 0.97 (the model
explaining 87-97% of the variation in transformed disease incidence over time), the MSE ranging from 0.020 to 0.055 and
rates of disease progress ranging from 0.011 to 0.031 units of disease/month. Two Bahia plantations on sites that were
formerly wooded, BA8H and BA9H, were each sampled at four times, and the disease levels and progress of disease in
these plantations were similar to that in plantation MG20G (Fig. 2c). In both plantations BA8H and BA9H, the incidence of
disease still appeared to be increasing at the time of the 74-month assessment.
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Fig. 2. Proportion of eucalyptus trees diseased after planting on sites with likely soilborne inoculum of Ceratocystis fimbriata. (a)

Proportion of symptomatic and dead trees in plantation MG20G from 20 to 53 months after planting to a former Cerrado forest site

(means of five permanent plots). (b) Linearized (monomolecular model) proportion of total diseased trees in the five plots within

plantation MG20G. (c) Proportion of diseased trees in plantation MG20G and two plantations on former pastureland with advanced woody

regeneration (BA8H and BA9H). Dashed line indicates estimated values in plantation MG20G following the monomolecular model for
linearization.

In contrast to the plantations on formerly wooded sites, the plantations of clone B on former pastureland showed low
levels of disease at a relatively young age, but then disease levels rose sharply to a fixed level within 1 year of planting.
Plantations BA11B and BA12B had 4% of the trees diseased at 6 months (Table 1). When plotted together, the plots pur-
posely placed in diseased portions of plantations BA11B, BA12B, BA13B and BA15B appeared to reach a maximum disease
level of 24% as soon as 12 months after planting (Fig. 1). The randomly placed, temporary plots in plantation BA14B
showed variation, with 1-8% of the trees dead or symptomatic at 7 months and up to 36% of the trees dead or symptom-
atic at 33 months (Table 2).

Plantations BA2A, BA3A, BA4A and BASA were also on former pastureland, and the plots purposely placed in diseased
areas of the plantings had disease incidence of only 1.2-2.9% at 12-19 months after planting (Table 1). Similarly, planta-
tion BA6D on a former pastureland site had a disease incidence of 1.4% at 17 months (Table 1).
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Table 3. Summary of regression analysis parameters and statistics for linear transformation of four population growth models (y = propor-
tion of trees diseased) over time (months) of Ceratocystis wilt in five plots of eucalyptus planted to a former Cerrado Forest site (planta-

tion MG20G).

Model* Plot number R squared? p Value® MSE* y Intercept Rate®

Monomolecular R1 0.94 <0.0001 0.0391 —0.142 0.014
R2 0.94 <0.0001 0.0385 —0.061 0.014
R3 0.97 <0.0001 0.0204 —0.033 0.012
R4 0.87 <0.0001 0.0554 0.066 0.031
R5 0.97 <0.0001 0.0225 —0.108 0.012

Logistic R1 0.82 <0.0001 0.2958 —3.064 0.058
R2 0.85 <0.0001 0.2039 —2.225 0.044
R3 0.94 <0.0001 0.1067 —2.314 0.042
R4 0.79 <0.0001 0.2029 —1.662 0.036
R5 0.90 <0.0001 0.1852 —2.958 0.051

Exponential R1 0.78 <0.0001 0.2580 —2.922 0.044
R2 0.79 <0.0001 0.1680 —2.192 0.030
R3 0.02 <0.0001 0.6514 —2.266 0.030
R4 0.73 <0.0001 0.1483 —1.728 0.022
R5 0.87 <0.0001 0.1652 —2.850 0.040

Gompertz R1 0.87 <0.0001 0.1270 —1.326 0.030
R2 0.89 <0.0001 0.0970 —0.994 0.026
R3 0.96 <0.0001 0.0520 —1.007 0.024
R4 0.83 <0.0001 11.130 —0.692 0.022
R5 0.94 <0.0001 0.0760 —1.264 0.026

Linear transformation of population growth models: monomolecular In[1/(1-y)], logistic = In[y/(1-y)], exponential = In(y) and Gom-

pertz’'s = -In[-In(y)] (Campbell and Madden 1990).

“Coefficient of determination.

3Significance level.

*Mean squared error.

®Apparent infection rate is the increase in proportion of trees diseased (y) per month after transformation.

3.3 Spatial pattern of Ceratocystis wilt

Plots in Minas Gerais plantations showed some aggregation of diseased trees, especially within rows, if the disease inci-
dence was >6% (Table 1, Fig. 3). The within-row spacing in these plantations was only 2 m, while the between row spac-
ing was 3-6 m, so this could partially explain the generally greater spatial autocorrelation values within rows than across
rows or diagonally. In plantation MGIC, the area that had been cut had a high disease incidence in sprouts that arose from
the harvested stumps, and MG9C-s had much greater spatial autocorrelation values than the uncut portions of MGIOC
(Table 1, Fig. 3b). The Bahia plots on former pastureland sites that had advanced woody regeneration (BA8H and BA9H)
also had disease trees that were aggregated.

Plantations BA2A through BASA had very low levels of disease, but the diseased trees were highly aggregated within
rows (Table 1). In contrast, the plantation from which the cuttings for these plantations originated (BA1A-s) had a high dis-
ease incidence but no statistically significant aggregation of disease (Table 1, Fig. 4).

Most of the other Bahia plantations had low disease incidence and low spatial autocorrelation values (Table 1). The clone
B and clone D plantations in Bahia showed generally low levels of aggregation, and although the within row and across
row spacings were both 3 m, the aggregation within rows tended to be stronger than across rows, and there was no diago-
nal aggregation (Table 1). In plantation BA14B, there was little aggregation evident at 7 months, but there was somewhat
more aggregation when disease levels were higher at 33 months (Table 2, Fig. 5).

4 Discussion

Some of the highest incidences of disease were found in plantations that probably had high levels of soilborne inoculum
from native forest trees or fruits trees that had been cleared before planting eucalyptus. Disease incidence in these plots
increased slowly after 20 months, and then the disease progress gradually tapered off near the end of the stand rotation.
In contrast, disease incidence in plantations on former pastureland sites was detected as early as 6 months, and disease
incidence quickly reached a maximum level at 12 months, suggesting that the rooted cuttings were infected prior to plant-
ing. Disease incidence was high in sprouts arising from harvested eucalyptus stumps, suggesting that harvesting tools can
spread the pathogen.

There was generally higher incidence of disease in the Minas Gerais plantations, which were formerly Cerrado forests
and likely had high levels of soilborne inoculum (Ferreira et al. 2011). Disease levels differed among the Minas Ge-
rais clones, but lack of randomly placed survey plots prevents drawing strong conclusions. Clone G, which was the only
E. urophylla x E. camaldulensis clone surveyed, appeared to be highly susceptible to the disease.
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Fig. 3. Distribution of eucalyptus trees killed or with symptoms (filled in squares) of Ceratocystis wilt in plantings of clone C on former
Cerrado forest sites at 2 x 3 m spacing (within planting rows x between rows). Horizontal rows in figures were planting rows. (a)
Plantation MG2C at 74 months after planting, with significant autocorrelation of diseased trees within planting rows (horizonatally) but
not across or diagonally. (b) Plantation MG9C-s, which was harvested after 56 months and stump sprouts managed for another 18 months
before surveyed. Diseased trees showed significant autocorrelation within rows, across rows and diagonally (autocorrelation values shown

(@)

(b)
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Fig. 4. Distribution of eucalyptus trees killed or with symptoms (filled in squares) of Ceratocystis wilt in plantings of clone A at 2.4 x 5 m

spacing (within planting rows x between rows). Horizontal rows in figures were planting rows. (a) Plantation BA1A-s, which was planted

on a former small farm site, cut 48 months later after storm damage, and then the sprouts were harvested for rooting in a nursery or

managed for another 24 months before surveyed for disease. There was no significant autocorrelation of diseased trees. (b) Plantation

BA2A, which was a former pastureland before planting with infected cuttings collected from plantation BA1A-s and surveyed after

17 months. Diseased trees showed significant autocorrelation within rows, across rows and diagonally (autocorrelation values shown in
Table 1).

In general, Ceratocystis wilt has not been noted in young plantations in Minas Gerais, probably because most trees there
are infected by soilborne inoculum, and some time is needed for the fungus to infect the root systems and colonize the
tree sufficiently to cause foliar symptoms and mortality. This incubation period was estimated to be about 18-20 months
after planting by extrapolating the disease progress curve data from plantation MG20G. In this plantation, the number of
dead trees increased steadily at first and then tapered off, with the disease progress data most closely fitting a monomo-
lecular model. The epidemics in plantations BA8BH and BA9H also fit closely the monomolecular model for the MG20G
epidemic. The disease level in those Bahia plantations still appeared to be increasing at the age of the last samplings, at
74 months.

Soilborne diseases are typically monocyclic, (Gilligan 1983; Campbell 1986; Campbell and Madden 1990; Madden et al.
2007; Nutter 2007), where there is little secondary spread of the pathogen during the rotation of the stand. In such
diseases, there is typically a fixed initial level of inoculum at the time of planting, and root infections increase steadily at a
simple interest rate as root systems grow and encounter inoculum. However, as a higher proportion of trees are infected,
more root infections may lead to only modest increases in the proportion of diseased trees, and the number of newly
infected and symptomatic trees decreases steadily when most of the trees are already infected.

Of the survey plots in Minas Gerais plantations and the Bahia plantations BA8H and BA9H, all but two showed some
aggregation of diseased trees. Plots in MG9C and MG14l showed the lowest disease incidence in Minas Gerais, 3 and 6%
infection, respectively, and no aggregation was detected. The aggregation found in other plots was likely due to non-random
distribution of soilborne inoculum prior to planting (Campbell and Noe 1985), perhaps with high concentrations of inocu-
lum in the vicinity of cleared trees that had been infected by C. fimbriata. It is assumed that soilborne inoculum is in the
form of aleurioconidia in sawdust or the frass of wood-boring insects (Harrington 2013). Aggregated patterns are more
typically associated with local sources of inoculum and limited dispersal, whereas random patterns often result when the
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Fig. 5. Distribution of eucalyptus trees killed or with symptoms (filled in squares) of Ceratocystis wilt in plots of plantation BA14B of clone

B at 3 x 3 m spacing (within planting rows x between rows) on former pastureland. Horizontal rows in figures were planting rows. (a, b)

Plots P1 and P7 at 7 months after planting. (¢, d) Plots P9 and P13 at 33 months after planting. Diseased trees showed significant
autocorrelation across rows in P1 and P13 and within planting row in P9 (autocorrelation values shown in Table 2).

initial inoculum reaches a population of plants from a distant source (Burdon 1987). Aggregation in plots with putative
soilborne inoculum was particularly strong within rows, perhaps because the trees were more closely spaced within rows
than across rows or diagonally, but mechanical site preparations prior to planting may have also dispersed inoculum within
rows.

Portions of plantations in Minas Gerais and Bahia that had been harvested and then managed for sprouts had relatively
high levels of disease. Plantations of clones C (MG1C-s, MG9C-s and MG10C-s) and A (BA1A-s) were managed for coppice
growth (a second rotation of trees from stump sprouts) or for generation of cuttings that could be brought to the nursery
for rooting. Aleurioconidia in sawdust from harvested trees may be moved on tools to nearby stumps during harvest, and
sprouts from those stumps may become infected. Although there is little experimental evidence of spread of C. fimbriata on
cutting tools, such spread is known to be important with closely related species, such as C. platani, C. cacaofunesta and
C. variospora, and likely is important in the epidemiology of Ceratocystis wilt in eucalyptus (Harrington 2013).

In contrast to the plantations where there was likely soilborne inoculum and disease was not evident until 18 months
after planting, the plantations of clones A, B and D on former pastureland sites had symptomatic trees as soon as 6 months
after planting. This relatively quick disease development is likely due to the infection of the cuttings prior to planting, and
mortality may begin in weeks or months after planting. Isolates of C. fimbriata from some of these plantations were analy-
sed genetically and found to be nearly uniform, suggesting that one or a few genotypes from the nursery were infecting
the planting material (Ferreira et al. 2011). The infected cuttings may be expected to show symptoms and die early, with
few surviving beyond 12 months, especially if it is a highly susceptible clone (Ferreira et al. 2011). In the case of cuttings
of clone B, some symptomatic plants were seen at 6 months, but by 12 months, about 24% of the young trees were dead,
and disease incidence was no higher at 36 months. Disease incidence in the plantings of clones A and D were much lower
than in clone B, and low levels of disease might be expected in plantings of infected cuttings. However, clone B is highly
susceptible to Ceratocystis wilt, and there appears to be a high level of aggressive genotypes in nurseries where clone B is
produced (Ferreira et al. 2011; Harrington et al. 2011).

In spite of relatively low disease incidence, there was significant within-row aggregation of diseased trees in most of the
plantations on former pastureland sites. All but one of the former pastureland plantations (BA11B) had aggregation within
the planting row. In plantation BA14B, there was little aggregation evident at 7 months, but there was evidence of some-
what more aggregation when disease levels were higher at 33 months. One possible explanation for within-row aggregation
on former pastureland sites is that as the planters moved down the row, they sometimes had bunches of rooted cuttings
that were infected by C. fimbriata, and this resulted in a high incidence of the disease within some rows. During the pro-
cess of clonal propagation, bunches of infected cuttings could be collected and maintained together from the time of collec-
tion from a diseased mother plant, through the rooting process, and into the boxes dispatched to the planters. Also,
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bunches of infected cuttings could arise through mechanical transmission of the pathogen on scissors and other tools. Thus,
infected cuttings could be planted in a linear fashion as the planter moves down a planting row.

The results of this study have several management implications. Where sites are cleared of diseased, woody vegetation
and there may be high levels of soilborne inoculum, planting of resistant clones may be the only feasible way to manage
Ceratocystis wilt (Ribeiro et al. 1984; Rossetto et al. 1997; Zauza et al. 2004; Sanches et al. 2008; Alfenas et al. 2009;
Guimardes et al. 2010). Eucalyptus clones vary greatly in susceptibility to Ceratocystis wilt, but resistance and susceptibility
depends on the particular strains of the pathogen tested, which vary greatly in aggressiveness, and selection of resistant
clones may be site specific (Zauza et al. 2004; Guimardes et al. 2010; Harrington et al. 2011; Mafia et al. 2011). Secondly,
the dramatic increase in disease levels in sprouts from stumps of harvested trees means that diseased stands cannot be
managed for coppice growth or as a source of cuttings, although it is not known if there is a build-up of soilborne inocu-
lum after harvesting diseased eucalyptus plantations (Ferreira et al. 2011). Lastly, care must be taken to plant disease-free
material, as there is potential for high levels of mortality early in the planting, and there is also a risk of the introduction
and establishment of soilborne inoculum in new areas (Ferreira et al. 2011; Harrington et al. 2011). Disease-free mini-
hedges are considered to be the best source of cuttings, but Ceratocystis wilt is often overlooked in the nursery, and cutting
tools there can also be contaminated with the fungus (Ferreira et al. 2011). Thus, disease monitoring and disinfecting tools
are another part of the integrated management of Ceratocystis wilt (Harrington 2013).
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