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Citrus postbloom fruit drop (PFD) is caused by Colletotrichum acutatum and C. gloeosporioides. These pathogens
attack the flowers and cause premature fruit drop and the retention of fruit calyces. This study was designed to charac-
terize the spatial and temporal dynamics of PFD in commercial citrus-growing areas to better understand the disease
spread. Experiments were carried out in three young orchards (500 trees each) in two municipalities in Sao Paulo State,
Brazil. Symptoms of PFD on the flowers and presence of persistent calyces were assessed in each of three orchards for
three years. Logistic, Gompertz and monomolecular models were fitted to the incidence data over time from the trees
with symptoms. The spatial pattern of diseased trees was characterized by a dispersion index and by Taylor's power
law. An autologistic model was used for the spatiotemporal analysis. The logistic model provided the best fit to the dis-
ease incidence data, which had a fast progress rate of 0-53 per day. During the early epidemic of PFD, the spatial pat-
tern of diseased trees was random, which suggested that inoculum spread was due to mechanisms other than rain
splash. As the disease incidence increased (up to 12:6%), the spatial pattern of diseased trees became aggregated. The
rapid rate of disease progress and the distribution of PFD suggest that dispersal of the pathogen is possibly related to a

mechanism other than splash dispersal, which is more typical of other fruit diseases caused by Colletotrichum spp.
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Introduction

Postbloom fruit drop (PFD), caused by Colletotrichum
acutatum (Brown et al., 1996; Peres et al., 2005) and
C. gloeosporioides (Lima et al., 2011; McGovern et al.,
2012), is an important disease of citrus in Sao Paulo
State, where 80% of Brazilian citrus production occurs
(Neves et al., 2010). PFD is known to affect flowers and
leads to abscission of fruitlets. When the disease inci-
dence is high, fruit drop may reach staggering propor-
tions. This phenomenon was observed in South Brazil in
the 1970s when the production of sweet orange was
reduced by 95% (Porto, 1993). Although PFD symptoms
have been reported in Central America since the 1950s,
the cause was not determined until the late 1970s (Fa-
gan, 1979). In Brazil, PFD was first reported in 1979
(Porto, 1993), and in Florida in 1983 (McMillan & Tim-
mer, 1989). It is established that PFD is caused by
C. acutatum. However, C. gloeosporioides isolates have
recently been found associated with PFD symptoms in
Brazil (Lima et al., 2011) and Bermuda (McGovern
et al., 2012). These pathogens cause salmon- to brown-
coloured elliptical lesions on petals that expand rapidly
over petal tissue in favourable weather, causing blossom
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blight. Most of the fruitlets formed on PFD-infected
branches abort prematurely, hence the name postbloom
fruit drop. The premature fruit drop that is caused by
PFED is also characterized by retention of the peduncles
and calyces on the plant. However, the correlation
between symptoms in flowers and retention of calyces is
not always significant (Timmer & Zitko, 1993). The
symptoms caused by both pathogens are indistinguish-
able and there is no evidence of dispersal differences
between C. acutatum and C. gloeosporioides. In straw-
berry, these two Colletotrichum species were dispersed
by splash in a similar manner under controlled condi-
tions (Ntahimpera et al., 1999).

The pathogen survives in the absence of citrus flowers
as appressoria on symptomless vegetative tissue (Zulfiqar
et al., 1996) and on weeds (Frare & Amorim, 2012).
However, under field conditions, attempts to detect the
pathogen on symptomless tissue or on weeds by any
method, including molecular diagnostic tools, have failed
(G. J. Silva-Junior, Universidade de Sao Paulo, Piracicab-
a, Brazil, unpublished data). On diseased citrus petals,
the pathogen forms acervuli and produces abundant con-
idia that are protected by a mucilaginous matrix. These
conidia are dispersed to healthy flowers by rain splash
(Timmer et al., 1994; Peres et al., 2005). The pathogen
infects petals intra- and intercellularly and also through
the stomata. Distinct tissues of the petals are colonized,
including the vascular system, particularly the xylem
(Marques et al., 2013).
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In most citrus-growing areas, PFD epidemics are
sporadic. The disease occurs suddenly, even in areas
without previous PFD epidemics (Timmer et al., 1994).
PFD outbreaks were reported in Florida in 1988, 1993,
1994 and 1998 (Timmer & Brown, 2000) and in Sao
Paulo in 1977, 1990 and 1993 (Porto, 1993). Disease
progress curves were not quantified, but in both regions,
disease incidence was associated with above-average
rainfall during the flowering period. However, the origin
of the primary inoculum and initial spread of the epi-
demics are unknown. Epidemics with high disease pro-
gress rates rarely occur in nature but when they occur,
they are mostly associated with pathogens that have a
short latent period and the ability to disperse over long
distances. Despite a short latent period in citrus flowers,
which is ¢. 5 days for cv. Valencia sweet orange
(Zulfiqar et al., 1996; Lima et al., 2011), C. acutatum is
limited by dispersal primarily through rain splash (Fitt
et al., 1989; Bailey & Jeger, 1992; Madden, 1997). That
a pathogen with such short-distance dispersal capacity
can cause such explosive epidemics is controversial. PFD
gradients in 3-4-year-old sweet orange orchards in Flor-
ida were steep at the beginning of the epidemics, but
became shallower as the epidemic progressed, potentially
as a result of secondary foci (Agostini et al., 1993).
Nonetheless, the incidence of the disease in these
experiments did not exceed 30% of flowers. Thus, the
explosive nature of the disease was not observed.

The spread of plant diseases is a direct consequence of
inoculum dispersal. However, spatial patterns of disease
progress may differ from those of inoculum dispersal (Mc-
Cartney et al., 2006). Disease patterns often result from
many individual dispersal events from a number of sources
over different time frames. Environmental and biological
factors that affect infection and disease development can
influence the spatial pattern of diseased plants (McCartney
et al., 2006). However, the spatial distribution of plants
with and without symptoms is helpful for understanding
the disease dispersal mechanisms in different environ-
ments (Upton & Fingleton, 1985). The spatial pattern of
an infected population is rarely uniform, and the aggrega-
tion of diseased plants can be quantified by one or more
aggregation indices (Madden & Hughes, 1995).

Currently, PFD is controlled by fungicide sprays
during bloom (Goes et al., 2008). In southwestern Sao
Paulo State, many citrus farms contain between 0-5 and
5 million trees (Neves et al., 2010). In these areas, spray-
ing for PFD control must be conducted day and night to
achieve the weekly recommended spray frequency. The
success of PFD control is associated with the time of
spraying and knowledge regarding the disease develop-
ment during favourable conditions. To optimize PFD
control, it is necessary to determine the origin of the
primary inoculum and the spatial and temporal disease
progress. When the primary inoculum comes from within
the orchard, PFD control can be enhanced by spraying
eradicant fungicides before blooming. Conversely, if the
primary inoculum originates from outside the orchard,
control must be performed throughout the blooming

period using protective fungicides. The distribution of
diseased trees within the orchard also affects the strategy
for control of PFD. If diseased trees are aggregated, fun-
gicide sprays can be directed to the foci of disease. If the
distribution pattern of PFD affected trees is random,
chemical control should be applied evenly throughout
the area. However, the origin of the primary inoculum
as well as the spatial and temporal progress of PFD
under field conditions is unknown. Characterizing the
disease progress over time and space is essential for
understanding how disease develops in plant populations
and how disease control measures affect disease epidem-
ics (Madden er al., 2007). Thus, the goal of this study
was to characterize the spatial and temporal progress of
PFD epidemics in commercial citrus-growing areas and
to infer the pathogen dispersal process. The hypothesis
was that short distance (rain splash) dispersal, typical of
anthracnose diseases, is predominant in dissemination of
the Colletotrichum spp. causing PFD. When an aggre-
gated pattern of diseased plants occurs associated with a
low disease incidence and the rate of temporal progress
is similar to other anthracnose diseases, this hypothesis is
accepted. Alternatively, when random patterns of dis-
eased plants prevail and high disease progress rates are
observed, long distance or both short and long distance
dispersal mechanisms are likely to occur.

Materials and methods

Field trials

Field trials were conducted from 2008 to 2010 in three different
orchards located in southwest Sao Paulo State, Brazil. In each
orchard, 500 trees that did not receive fungicide sprayings dur-
ing the flowering period were selected. Surrounding trees were
sprayed according to standard farm practice (from one to four
sprays per season). The trees were arranged in 20 rows with 25
trees in each row. In field trial 1 (22°49-562'S, 49°22.024'W,
575 m a.s.l.) Citrus sinensis cv. Valencia (sweet orange) grafted
on cv. Swingle citrumelo (Citrus paradisi cv. Duncan x Ponci-
rus trifoliate) at a spacing of 3-0 x 7-0 m was planted in April
2006 (Fig. 1). In field trial 2 (22°47-010'S, 49°23-524'W, 645 m
a.s.l.) C. sinensis cv. Natal grafted on Citrus limonia cv. Rang-
pur (lime) at a spacing of 2-8 x 6-5 m was planted in April
2007. In field trial 3 (23°36-898'S, 49°14-290'W, 661 m a.s.l.)
cv. Valencia grafted on cv. Swingle at a spacing of 2-8 x 6:5 m
was planted in December 2007. Trial 3 was surrounded by
orchards of young citrus.

During the experimental period, the temperature, rainfall and
wetness period were recorded by meteorological stations (Davis
Hayward), one of them located in trial 1, which was 5-2 km
from trial 2, and another located 6-3 km from trial 3.

Disease assessment

In all assessments, flowerless trees, trees bearing only flower but-
tons, trees with open and symptomless flowers, and trees with
flowers with symptoms were counted. The frequency and timing
of the assessments varied in each of the three years (Table 1). In
each trial, the incidence of persistent calyces was assessed once
at 3-4 months after petal fall. Persistent calyces were removed
from the trees after assessment.

Plant Pathology (2014) 63, 519-529

85U8017 SUOWILLIOD BAITEID) 8|qel(dde 8y} Ag peusenob a1e So il O ‘@SN J0 Se|nJ o Akeid8uljuO /8|1 UO (SUONIPUD-PUE-SWLB)W0D" A8 1M Ale.d|1puluoy/:SAny) SUONIPUOD pue swie | 8y} 8es *[yZ0z/TT/Tz] uo Ariqiauliuo A8|IM ‘'S3d VD Ag 8ETZT edd/TTTT 0T/10p/woo A8 M Ariqipuljuo's eunolddsay/sdny wouy pepeojumod ‘s ‘vT0Z ‘6S0ES9ET



Spatiotemporal analysis of citrus postbloom fruit drop 521

Pasture

Qld grove

Graincrops

Old grove

Qldgrove

O!'d._groue

Grain crops

T25

o
R20 : Young grove

-
R1

Young grove

Young grove

Pasture

Old grove

Young grove

Figure 1 Map of experimental areas. Field trials 1 and 2 were located in the municipality of Santa Cruz do Rio Pardo, SP, and trial 3 was located in
Taquarituba, SP. Each field trial was composed of 20 rows (R1 to R20) with 25 trees in each row (T1 to T25).

Table 1 Assessment dates of citrus postbloom fruit drop in three trials
from 2008 to 2010

Trial 2008 2009 2010

1 9,18,26 Sep 5, 11, 18, 27 Aug 13, 22 Oct
3 Oct 1,8,14,18,24Sep 3, 8 Nov

2 8, 17, 25 Sep 12, 28 Aug 5, 11, 16, 23, 31 Aug
2 Oct 9, 15, 21, 25 Sep 13, 22 Sep

3 No flowers® 7,10, 12, 17, 19, 3, 10, 20, 25 Aug

21, 24, 26, 31 Aug 3, 13, 22 Sep
2,7,9, 11, 14, 16,
18, 21 Sep

“No bloom occurred as a result of the tree age (9 months).

Temporal analysis of epidemics

LOgiStiC [)’(t) = ymax/(l + ((ymax - )’o)/J/o)"’exp(—f"’t))], Gom-
pertz  [¥(t) = Ymax™ (exp(— (—10g(Yo/Ymax)) “exp(—7*#)))]  and
monomolecular [Y(f) = Ymax — (Ymax — Yo)*exp(—r*#)] models
were fitted to the disease incidence with non-linear regression
analysis using STATISTICA v. 6 (Statsoft). Here, y(¢) is the propor-

Plant Pathology (2014) 63, 519-529

tion of diseased trees at time ¢, yy is the initial inoculum, 7 is the
disease progress rate, Ymay is the curve asymptote, and ¢ is the
time in days. The best-fit model was selected based on the coeffi-
cient of determination (R?), the distribution of residuals and the
standard error of the y,.. Yo and r parameters that were esti-
mated by each model fit (Madden ez al., 2007). The equation
parameters were compared using a #-test. If the asymptotes dif-
fered from 1, the rate parameter was multiplied by the observed
asymptote (r*yma.) to adjust the rate for each of the epidemics
(Madden et al., 2007).

The coincidence of trees with symptoms between consecutive
years was assessed with a chi-square test (P = 0-05). This test
determined whether a tree with symptoms in a given year
showed symptoms in the first assessment of the following sea-
son. The test was performed using the incidence data from trial
2 in 2008-2009 and from trial 3 in 2009-2010. Correlation
analysis between the number of rainy days and disease incidence
in each season was performed.

Spatial analysis of epidemics

Maps showing the cumulative incidence of trees with symptoms
(flowers with symptoms and persistent calyces) were made for
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each assessment in the three trials. The incidence of trees with
PFD symptoms in quadrats of 2 x 2 and 3 x 2 (2 or 3 trees
per row x 2 rows) was used to determine the dispersion index
(D = Vope/Viin, where Vg is the observed variance and Vi, is
the binomial variance). The quadrat 2 x 2 was chosen to test
aggregation under the smallest hierarchical level and the quadrat
3 x 2, to test the aggregation in a square area. Additionally,
these quadrat sizes were chosen for comparative purposes as the
spatial distribution of other citrus diseases has been analysed
using these quadrat sizes (Bergamin Filho ez al., 2000; Laranje-
ira et al., 2004; Bassanezi & Laranjeira, 2007). The modified
Taylor’s power law [log(Vops) = log(A) + b log(Viin)] (Madden
& Hughes, 1995) was also determined for pooled epidemic
data. The significance of the dispersion index was determined
with a chi-square test (P = 0-05). D values equal to 1-0 indi-
cated that trees with symptoms for a given assessment date were
randomly distributed (null hypothesis). Conversely, D values
that were significantly > 1-0 indicated aggregation (Madden
et al., 2007). The significance of the relationship between log
(Vobs) and log(Vy,;,) in Taylor’s power law was determined by
an F-test (P = 0-05). The equality of the b parameter to 1-0 was
tested with a t-test (P = 0-05) by using the b parameter and its
standard error. Values of b that were > 1-0 (alternative hypothe-
sis) indicated aggregation, which varied with disease incidence.
Moreover, b = 1-0 with log(A) > 0 indicated aggregation of dis-
eased trees, and b = 1-0 with log(A) = 0 indicated that diseased
trees occurred randomly. Values of b <1 indicated regularity

(Madden & Hughes, 1995).

Spatiotemporal autologistic analysis

The autologistic model (Besag, 1972) accounted for the spatial
structure of the disease by building covariates from the disease
status of the neighbouring trees. For this analysis, trees were
rated with binary scores as follows: 1 for trees with symptoms
(diseased) and O for flowerless or symptomless trees (healthy).
The autologistic model was adapted by Krainski et al. (2008)
from the R statistical environment for statistical analysis (R
Development Core Team, 2013) to account for the temporal
patterns that occur when estimating the probability of disease in
a tree at an arbitrary location as a function of the disease status
of the neighbouring trees at another time. Comparing a
sequence of models with different covariates for disease status
within and across rows at current and previous observation
times allows detection of the relevant spatial and temporal pat-
terns that were associated with the spread of PFD (Krainski
et al., 2008).

Using this model, covariates were built for each assessment
date by considering the following: (i) the disease status of the
immediate neighbour trees within the row, (ii) in the column
(across row), and (iii) in both. For such analysis, the selected
models (Table 2) included covariates that were built based on

Table 2 Autologistic models used to fit the citrus postbloom fruit drop
incidence data

a

Status of the neighbouring tree Linear predictor

o+ B AW ¢ — 1
Pot BiA @1

Within the row in the previous assessment
Across rows in the previous assessment

W and A are covariates that denote the status of the neighbouring
(healthy = 0 or diseased = 1) trees within and across rows, respec-
tively on the previous (t— 1) assessment.

the incidence of PFD in neighbouring trees on a previous date
(¢t — 1) for trials 1 and 3 in 2008 and 2009, respectively.

Results

Temporal analysis of epidemics

In 2008, PFD only occurred in trees from trial 1
(Fig. 2a). Four days of rain occurred during the flowering
period and 25-2% of the trees had symptoms of PFD. In
trial 2, bloom was scarce and no flowers with symptoms
were observed (Fig. 2b). In trial 3 no bloom occurred as
a result of tree age; they were planted 9 months prior to
the disease assessment (Fig. 2c).

In 2009, disease incidence reached 100% in both trials
1 and 2 and there was frequent rain during bloom
(Fig. 2d,e). In trial 1, the disease incidence increased from
5 to 73% within 9 days. In trial 2, the disease incidence
increased from 13 to 98% within 12 days. In trial 3, one
tree with symptoms was observed following the first rainy
day. This incidence (0-2% of trees) remained unchanged
for the following 20 days, but final disease incidence in
trial 3 was 7-0% at the end of the bloom period (Fig. 2f).

In 2010, bloom was delayed in trial 1 because of a
prolonged dry season that lasted from July to September.
The bloom period started in October and was short as a
result of high temperatures (data not shown). The first
trees with symptoms were observed after rainy days, and
the final disease incidence was 47:2% (Fig. 2g). In this
year no disease was detected in trials 2 and 3 (Fig. 2h,i).

In trials 1 and 2, the number of rainy days was posi-
tively correlated with the incidence of diseased trees at
the end of the blooming period for all seasons (r = 0-99;
P < 0-05). In trial 3 the correlation between rainy days
and PFD incidence was not significant as a result of the
late blooming in 2009.

The logistic model showed a better fit to observed data
when compared to the Gompertz and monomolecular
models for all epidemics (Table 3). The asymptotes were
between 0-3 and 0-98 and were significantly higher in
2009 than in the other seasons. The rates of disease
increase were high (from 0-22 to 0-55 per day). How-
ever, these rates were affected by the variable asymptote.
When the rates were scaled the minimum value was 0-07
per day for trial 1 in 2008 and the maximum was 0-53
per day for trial 2 in 2009. In all epidemics, the initial
inoculum was lower than 0-001.

There was no significant correlation (P > 0-05)
between the incidence of trees with symptoms at the end
of a blooming season and the incidence of trees with
symptoms at the beginning of the following blooming
period in Trial 3 (Table 4). In trial 2, 30-8% of trees
with symptoms that were observed in the final 2008
assessment had symptoms in the first 2009 assessment.
The observed number of co-symptomatic trees, eight, is
larger than expected from a random selection. Overall,
87:3% of trees that showed symptoms in the first 2009
assessment did not show PFD symptoms in the previous
year.

Plant Pathology (2014) 63, 519-529
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Figure 2 Cumulative PFD incidence (proportion) of trees with flowers with symptoms (dark circles) and proportion of flowering trees (dotted line) in
2008 (a, b, ¢), 2009 (d, e, f) and 2010 (g, h, i) in trials 1 (a, d, g), 2 (b, e, h) and 3 (c, f, i) in Sao Paulo State, Brazil. Solid lines indicate the logistic
model fitted to the observed incidence of postbloom fruit drop. Arrows indicate rainfall events.

Table 3 Parameters and respective errors estimated by non-linear regression of logistic, Gompertz and monomolecular models fitted to the
incidence of trees with symptoms of citrus postbloom fruit drop in field trials 1 and 2 from 2008 to 2010

Estimated parameters

Year/trial Model® R Vinax Vinax SE Yo Yo SE r I Yoo

2008/1 Logistic 0-98 0-30 0-001 <0-001 <0-001 0.22 0-07
Gompertz 0.97 0-58 - <0-001 - 0-06 0-03
Monomolecular NS

2009/1 Logistic 0-99 0-97 0-046 0-001 0-002 0-34 0-33
Gompertz 0-98 1-00 - <0-001 - 0-17 017
Monomolecular 0-81 1-00 - <0-0 0-194 0-05 0-05

2009/2 Logistic 0-98 0-98 <0-001 <0-001 <0-001 0-54 0-53
Gompertz 0-98 1.00 - <0-001 - 0-26 0-26
Monomolecular 0-99 0-99 0-006 <0-0 93-14 0-32 0-32

2010/1 Logistic 0-99 0-48 0-001 <0-001 0 0-55 0-26
Gompertz 0-95 0-48 - 0 - 0-23 0-11
Monomolecular 0.77 0-48 - <0-0 0-280 0.07 0-03

ALogistic, Gompertz and monomolecular models were fitted to the observed incidence of trees with symptoms of postbloom fruit drop on flowers
using (1) = Ymax/(1 + ((Vmax — Yo)/¥o)"exp(—=r1), Y(f) = Ymax"(€Xp(—(—10g(yo/Vmax)) €xp(—r"1))) and Y(#) = Ymax — (Vmax — Yo)*exp(—r*t) respectively,
where y is the proportion of trees with disease, tis time in days, ymax is the asymptote, yo is the initial inoculum, ris the disease progress rate, R is
the coefficient of determination and SE is the standard error of the mean.

bScaled rate, which is the transformed rate based on Ymax (Madden et al., 2007).

Table 4 Number of postbloom fruit drop citrus trees with and without symptoms in the final assessment in 2008 and first assessment in 2009 for trial
2 and final assessment in 2009 and first assessment in 2010 for trial 3

Trial 2 Trial’3

First assessment in 2009 First assessment in 2010

Final assessment in 2008 With symptoms Symptomless Total Final assessment in 2009 With symptoms Symptomless Total

With symptoms 8 18 26 With symptoms 1 87 88
Symptomless 55 419 474 Symptomless 6 406 412
Total 63 437 500 Total 7 493 500

Plant Pathology (2014) 63, 519-529
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Spatial analysis of epidemics
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The spatial distribution of trees with symptoms on five
assessment dates for the three trials is shown in Fig-
ures 3, 4 and 5. In all trials, the incidence of trees with
persistent calyces was higher than the incidence of trees
that showed flowers with symptoms. A random pattern

of PFD distribution (D = 1) was observed in trial 1 for
the three assessed years at the onset of the epidemics
(Fig. 3). In this area, disease distribution became aggre-
gated when the incidence of diseased trees reached 25%.
In trial 2, PFD was only observed in 2009 and an aggre-
gated pattern of disease distribution existed at all assess-
ment dates when symptoms were present (Fig. 4). In trial

Field trial 1
Symptoms on petals

09/09/2008 05/08/2009 13/10/2010
1=06% Dpp=100 D, =099 1=38% Dyy=101 Dsy, =116 1202% Dyy=100 Dy, =100
i :
=
i~

18/09/2008 18/08/2009 22/10/2010
I=44% Dyy=109 Dj,, =100 1=50% Dpp=103 Ds.,=1-10 1210% Dyy =098 Dy, =097
h_ 11 ::Hl—_ B ::- t

_:F;EEH- :::IH !

H i = n
::,.,::[!'.F“:H EEEE_mmmmm_ | H H
26/09/2008 27/08/2009 03/11/2010
1=154%  Dpo=100 Dyy =109  [=72:6% Dyy=173" Dyy =227  [=450% Dyy=137" Dy = 1-42°

03/10/2008
Dy =115

1=252%

17/12/2008
Dyuy = 1-35*

1=90-4%

Dy = 132¢

08/09/2009

Dy =100 Dsyy = 1:00

1=99-8%

08/11/2010

1=472%  Dyp =138 Ds, = 1-48*

Persistent calyces

15/12/2009
Dy =100 Dy = 1-00

1=100%

28/01/2011

1=738% Dyy=120 Dy, =136

Figure 3 Spatial distribution of trees with postbloom fruit drop (petals with symptoms or persistent calyces) in field trial 1 in Santa Cruz do Rio
Pardo, SP, in 2008, 2009 and 2010. Maps show four assessments of petal symptoms during the flowering period and one assessment of persistent
calyces after flowering. Black and white quadrants indicate trees with and without (no flowers or no diseased petals) symptoms, respectively. /is
the incidence of diseased trees (as a percentage), D»,» and Ds,. is the dispersion index for two quadrat sizes and *indicates the aggregation of

diseased trees (D > 1).
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Field trial 2
Symptoms on petals
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Figure 4 Spatial distribution of trees with postbloom fruit drop (petals with symptoms or persistent calyces) in field trial 2 in Santa Cruz do Rio
Pardo, SP, in 2008, 2009 and 2010. Maps show four assessments of petal symptoms during the flowering period and one assessment of persistent
calyces after flowering. Black and white quadrants indicate trees with and without symptoms (no flowers or no diseased petals), respectively. /is
the incidence of diseased trees (as a percentage), D, and Ds,.» is the dispersion index for two quadrat sizes and * indicates the aggregation of

diseased trees (D > 1).

3, where incidence of trees with flowers showing symp-
toms did not exceed 7%, the distribution of diseased
trees was always random (Fig. 5).

The regression parameters of Taylor’s power law
applied to the pooled data for quadrats 2 x 2 (Fig. 6a)
and 3 x 2 (Fig. 6b) indicated aggregation of diseased
trees (log(A) > 0 and b > 1).

Plant Pathology (2014) 63, 519-529

Spatiotemporal autologistic model

The likelihood of a tree becoming diseased relied signifi-
cantly (P < 0-05) on the number of neighbouring trees
with symptoms within-row in the previous assessment
only in the fourth assessment of trial 1 in 2008, when
disease incidence was 25-2%. When a given tree was
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Field trial 3
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Figure 5 Spatial distribution trees with postbloom fruit drop (petals with symptoms or persistent calyces) in field trial 3 in Taquarituba, SP, in 2008, 2009
and 2010. The maps show four assessments of petal symptoms during the flowering period and one assessment of persistent calyces after flowering.
Black and white quadrants indicate trees with and without symptoms (no flowers or no diseased petals), respectively. /is the incidence of diseased
trees (as a percentage), D»,.» and Dj,.» is the dispersion index for two quadrat sizes and *indicates the aggregation of diseased trees (D > 1).

bordered by 0, 1 or 2 trees with symptoms in the third
assessment, the probabilities of this tree becoming
infected in the next assessment were 0-273, 0-512 and
0-746, respectively (Table 5). The distributions of the
diseased trees showed no correspondence with neigh-

bouring trees with symptoms across-row in previous
assessments (data not shown).

For trial 3 in 2009, the trees with symptoms in the last
assessment (7-0% incidence) showed the same likelihood
(P > 0-05) of being infected irrespective of the presence

Plant Pathology (2014) 63, 519-529
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Figure 6 Relationship between the logarithm of the observed variance (V,ps) and the logarithm of the binomial variance (Vyin) for postbloom fruit
drop incidence in sweet orange trees for the pooled data of five orchards/years using quadrat sizes 2 x 2 (a) and 3 x 2 (b). The solid line
represents log (Vops) = b log (Voin) + log(A) fitted to the data by linear regression. The dashed line represents the binomial fit.

Table 5 The likelihood of a tree developing symptoms of postbloom
fruit drop, as a result of the disease status of the immediate
neighbouring trees within a row in the previous assessment in four
periods in trial 1, 2008

Number of neighbouring
diseased trees

Assessment (PFD incidence) 0 1 2 P

1 (0-006) - - - -
2 (0-044) 0-070 0-500 0-930 0-079
3 (0-154) 0-197 0-325 0-486 0-226
4 (0-252) 0-273 0-512 0746 0-037¢

2Values of P < 0-05 indicates significant differences in the probability
that a tree develops symptoms as a result of the 0, 1 or 2 immediate
neighbour trees within a row being diseased in the previous assess-
ment.

of neighbouring diseased trees in the previous assess-
ment, which showed 4-2% of trees with symptoms of
PFD (data not shown).

Discussion

Rapidly developing epidemics of PFD occurred in 2009
in two trials where the disease was observed in the previ-
ous year. Frequent consecutive days of rain occurred
during the flowering period in 2009. Conversely, in 2008
and 2010 the total rain events were fewer than in 2009
(four and six, respectively). The number of rainy days
during the flowering period was correlated to final inci-
dence of PFD. Similarly in Belize, PFD increase was
related to prolonged wetness periods accompanied by at
least two consecutive days of rain, regardless of rainfall
totals (Denham & Waller, 1981). Generally, disease
epidemics that are caused by splash-dispersed pathogens,
such as Colletotrichum spp., are associated with rain
events (Madden, 1997). Rapidly developing disease
progress curves for anthracnose diseases may occur in
areas with a high density of short crops, such as dry
beans (Ntahimpera et al., 1997) and yams (Sweetmore
et al., 1994). However, in perennial crops such as coffee,
progress of anthracnose is slower (Mouen Bedimo et al.,
2007). Thus, the occurrence of explosive epidemics

Plant Pathology (2014) 63, 519-529

caused by Colletotrichum spp. in a perennial crop, such
as citrus, 1S uncommon.

In this study, rapidly developing epidemics occurred at
first or second blooming when trees were 2 and 3 years’
old, respectively. Analysis of the PFD epidemics with the
autologistic model and the index of dispersal showed
that, for most of the field trials, diseased trees were ran-
domly distributed at the beginning of the epidemic. This
suggested that part of the initial inoculum was coming
from outside the orchard. Disease spread is the direct
consequence of propagule dispersal although spatial pat-
terns of disease may be quite different from the dispersal
patterns that cause them (McCartney & Fitt, 1998).
However, under homogeneous environmental conditions,
the spatial distribution of diseased trees can be related to
the dispersal pattern of the inoculum and a random dis-
tribution of diseased trees is usually associated with
pathogen dispersal over long distances (Burdon et al.,
1989). An aggregated distribution of trees with PFD
symptoms was observed only when the disease incidence
reached 12-6%. Pathogens disseminated over short dis-
tances by rain splash generally produce an aggregated
pattern of plants with symptoms at the beginning of epi-
demics; at low disease incidences, the nearest plants to
the source of infection are more likely to become dis-
eased (Madden, 1997).

Taylor’s power law analysis for both quadrat sizes also
suggested that long distance or both short and long dis-
tance dispersal mechanisms were occurring during a PFD
epidemic. The regression parameter values of Taylor’s
power law estimated for PFD were similar to those esti-
mated for citrus variegated chlorosis, caused by Xylella
fastidiosa, a sharpshooter-vectored bacterium (Laranjeira
et al., 2004). The PFD parameter values were also simi-
lar to those estimated for citrus canker (Xanthomonas
citri subsp. citri) after the introduction of the citrus leaf
miner (Phyllocnistis citrella) in Brazil, which have altered
the spatial pattern of the disease from aggregate to mod-
erately aggregate or even random (Bergamin Filho et al.,
2000). In contrast, the PFD parameter values were lower
than those observed for citrus leprosis (log(A) = 0-70
and b =123 for 3 x 3 quadrat size), caused by Citrus
leprosis virus and transmitted by the mite, Brevipalpus
phoenicis. The vector disseminates the disease around
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the primary foci and generates a highly aggregated dis-
ease pattern (Bassanezi & Laranjeira, 2007).

Although the monomolecular model has been demon-
strated as suitable for describing epidemics with random
distribution of primary infection (Madden et al., 1987),
the best fit for the PFD progress curves was obtained
with the logistic model. In general, the monomolecular
model is used to describe monocyclic diseases and the
logistic or Gompertz models are used for polycyclic dis-
eases. However, the biological nature of the disease cycle
cannot be ascertained from a statistical model that fitted
to the data (Madden et al., 1987). In Brazil, the esti-
mated PFD progress rates varied between trials and
years, and reached up to 0-53 per day. This rate was
2- and 5-fold greater than the rates observed for
yam anthracnose and coffee berry disease, respectively
(Sweetmore et al., 1994; Mouen Bedimo et al., 2007).
As the main dispersal mechanism for Colletotrichum spp.
occurs over short distances by splash droplets, the explo-
sive epidemics of PFD could be explained by inoculum
dispersal mechanisms over long distances, such as
transport by insects or windblown raindrops (Pena &
Duncan, 1989; Agostini et al., 1993).

Overall, PFD of citrus shows an epidemiological
behaviour that is different to other fruit anthracnose dis-
eases that are predominantly spread through splash-dis-
persed spores. The distribution of diseased trees and the
progress rates with time indicate a high dispersal effi-
ciency that is potentially related to an alternative mecha-
nism for inoculum dissemination. Further studies are
needed to determine if insects, such as bees, are responsi-
ble for long distance spread of PFD.
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