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ABSTRACT

Bonnot, F., de Fraﬁqueville, H., and Lourengo, E. 2010. Spatial and
spatiotemporal pattern  analysis of coconut lethal yellowing in
Mozambique. Phytopathology 100:300-312.

Coconut lethal yellowing (1Y) is caused by a phytoplasma and is a
major threat for coconut production throughout its growing area. Inci-
dence of LY was monitored visually on every coconut tree in six fields in
Mozambique for 34 months. Disease progress curves were plotted and
average monthly disease incidence was estimated. Spatial patterns of
disease incidence were analyzed at six assessment times. Aggregation
was tested by the coefficient of spatial autocorrelation of the B-binomial
distribution of diseased trees in quadrats. The binary power law was used
as an assessment of overdispersion across the six fields. Spatial
autocorrelation between symptomatic trees was measured by the BB join
count statistic based on the number of pairs of diseased trees separated by

a specific distance and orientation, and tested using permutation methods.
Aggregation of symptomatic trees was detected in every field in both
cumulative and new cases, Spatiotemporal patterns were analyzed with
two methods. The proximity of symptomatic trees at two assessment
times was investigated using the spatiotemporal BB join count statistic
based on the number of pairs of trees separated by a specific distance and
orientation and exhibiting the first symptoms of LY at the two times. The
semivariogram of times of appearance of LY was calculated to charac-
terize how the lag between times of appearance of LY was related to the
distance between symptomatic trees. Both statistics were tested using
permutation methods, A tendency for new cases to appear in the
proximity of previously diseased trees and a spatially structured pattern of
times of appearance of LY within clusters of diseased trees were detected,
suggesting secondary spread of the disease.

The cultivation of coconut {(Cocos nucifera L.) is threatened in
many parts of its growing area by lethal vellowing (LY) disease,
which has destroyed hundreds of thousands of trees worldwide
(20,34-36). Symptoms of LY include premature fruit drop,
blackening of newly opened inflorescences, ascending yellowing
of the leaves, and tree death (21). Infected trees usually die within
5 to 10 months after the appearance of the first symptom (8). LY
is caused by a phytoplasma (30) and, according to Howard (15),
in Florida the phytoplasma is transmitted by a leathopper, Myndus
crudus Van Duzee (Cixiidae). In Africa, the vector rcmains
unknown (28,29).

LY was first reported in the Cayman Islands around 1830. LY
then spread throughout the Caribbean region to Haiti, the Domini-
can Republic, Cuba, Jamaica, and then Florida. The disease
reached the Yucatan peninsula of Mexico during the 1980s (3) and
was reported in Honduras in 1996 by Ashburner et al. (1). In West
Africa, LY was reported around 1930 in Togo (Kaincopé disease)
(2), southeastern Ghana (Cape St Paul Wilt), Cameroon (Kribi
disease) (9), and Nigeria (Akwa disease) (10). In East Africa, LY
occurs in Tanzania, Kenya, and Mozambique (23). In Mozam-
bique, LY first appeared in an arca close to Tanzania where LY
was observed in 1912 in the disirict of Mtwara (34,35). Most
cases of LY are now concentrated in the southern area of
Quelimane.

Most epidemiological analyses of LY have focused on the
temporal development of disease or only on qualitative descrip-
tions of its spatial pattern (8,20,35,36). There are few quantitative
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analyses (11,13). Although sequential analyses of spatial patterns
of LY at different times of assessment have been published (26),
to our knowledge there has been no analysis of spread both in
space and over time.

Different methods can be used to guantify the spatial and
spatiotemporal patterns of disease for plants or trees grown in a
regular lattice. Methods based on the distribution of diseased trees
in quadrats of various sizes and shapes can be used to characterize
aggregation in disease incidence (17). Methods based on two-
dimensional distance class analysis make it possible to charac-
terize the relative location of diseased plants at the same time
period and 1o detect deviations from spatial randomness and
clustering of diseased plants (14,25). When plants are monitored
over time, it is possible to characterize the location of newly
diseased plants in relation to previously diseased plants and to test
dependence between the two sets of plants. Spatiotemporal dis-
tance class analysis methods (24) have frequently been used to
analyze epidemiological data collected at different times. More
general methods based on join counts can also be used to analyze
spatial or spatioternporal autocorrelation of binary data (4). Geo-
statistics provides methods to measure spatial dependence be-
tween quantitative observations separated by a specific distance
(6). When the observed variable is the time of appearance of a
disease, relations between spatial and temporal development of
the disease can be established.

The main goal of this study was to integrate observations made
over time in six fields of coconut trees infected by LY in
Mozambique to improve our understanding of how the disease
spreads within fields. The primary objectives were to (i) describe
the temporal progress of disease, (i1) characterize spatial patterns
of LY-infected trees in commercial coconut plantations, and (iii)
characterize how the lag between times of appearance of LY was
related to the distance between symptomatic trees.


mailto:address:francois.bonnot@cirad.fr

MATERIALS AND METHODS

Fields, Data were collected from six fields in the commercial
coconut plantation of Madal company in Mozambique planted
with Malayan dwarf x local tall hybrids between 1987 and 1992
(Table 1). The distance between rows was 7.80 m and the distance
between trees within each row was 9 m. The number of trees per
field at the beginning of the observation period was 784 to 1,463,
Fields had irregular boundaries and heterogeneous shapes, and
some trees were missing before the first assessment for unknown

reasons {Fig. 1). Locations of fields A to F followed an approxi-
mate direction of northeast to southwest and the distances be-
tween fields were 22 km (Ato B), 0.5 km (Bto C), 4 km (C to D),
1.4 km (D to E), and 26 km (E to F).

Data collection. Fields were monitored from September 1999
to June 2002. Time of assessment was measured in months and
ranged from 1 (September 1999) to 34 (June 2002). The time
interval between two assessments was 1, 2, or 3 months (Tabie 2).
Incidence data were collected in each field by assessing every tree
for visual symptoms of LY and classifying it as healthy or

TABLE 1. Location of fields and field characteristics for examining the spatial and temporal dynamics of coconut lethal yellowing incidence in Mozambique

Field Site and field ID Location No. of trees  Planting year Length (m)®*  Width (m)* Geographic coordinates Azimuth®
A Mingano C3 Quelimane 1,463 1991 441 257 17°59' 577 8 160°
Inhangulue (Marrobune) 36°58° 29" E

B Tumbuine A1l Inhanssunge - 1,126 1990 891 156 18°04' 247 8 300°
36°47 31"E

C Tumbuine Al4 Inhanssunge 1,223 1990 . 873 218 18°04' 30" § 300°
36°47 17" E

D Matulune 14 Inhanssunge 1,366 1990 792 156 18° 05" 44" § 300°
36°45 25" E

E Matulune H6 Inhanssunge 784 1987 441 156 18° 06" 13" S 280°
36°44'51"E

F Micaune Barra A9 Micaune 1,028 1992 522 195 18° 19" 51" S 140°
36°42' 53" E

 Length and width of the rectangle parallel to the rows and containing the field.

b Angle in degrees, measured clockwise, between the north base line and a perpendicular to the rows.
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Fig. 1. Maps of six fields (A te F) of coconut palm infected by lethal yellowing in Mozambique between September 1999 (month 1) and June 2002 (month 34).

Each rectangle symbolizes one tree.
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diseased cach time the field was assessed. Depending on the
analyses, individual monthly assessments were used or were
dropped in favor of 6-month assessments in months 4, 10, 16, 22,
28, and 34 due to the nature of disease progress. Because ficlds
were located in a commercial plantation, trees infected by LY
were systematically removed after first observation of the symp-
toms. Various studies have shown that the removal of infected
trees can limit the spread of the discase (8,11). Removed trees
were considered to be diseased in the analyses after they had been
cut down.

Temporal progress of disease. Cumulative incidence and
monthly incidence of LY in each field were plotted against time.
Cumulative incidence was defined as the ratio of the number of
diseased (and, therefore, removed) trees to the total number of
trees counted at the beginning of the observation period (19).
Monthly incidence between times r; and f, was defined as the
ratio of the number of newly diseased trees between 1, and 1, t0
the number of asymptomatic trees at time £, divided by the lag
t; — t;. The average monthly incidence over the period of
34 months was calculated by averaging the monthly incidences
weighted by the lags £, — 1,.

Spatial analysis. Distribution of diseased trees per quadrat.
Distributional -analyses were performed on quadrats of varying
sizes to determine cluster sizes. Aggregation in disease incidence
was characterized by fitting the binomial and B-binomial
distributions to the observed frequencies of diseased trees in
guadrats (17). Each field was partitioned successively into quad-
rats of r rows by s trees, with » and s varying from 1 to 6. The
1-by-1 quadrat type was excluded, so that 35 quadrat sizes were
analyzed. For each quadrat size, only quadrats with >80% of trees
not removed at the beginning of the observation period were
retained for the analysis. The within-quadrat degree of aggre-
gation was quantified by the B-binomial parameter k, a measure
of intraclass correlation (12). This parameter was estimated by
fitting a generalized lincar model to the data under the hypothesis
that each observed count of diseased trees per quadrat is the result
of a B-binomial random variable with a varying initial number n,
of trees in quadrat ¢ (38). Maximum likelihood was used to
estimate «, and a likelihood ratio test was performed to determine
if the PB-binomial distribution fitted the data better than the
binomial, indicating that the spatial pattern was aggregated (22).
A y* goodness-of-fit test was used to check whether the B-
binomial distribution provided a good fit to the data. The effect of
orientation and shape was tested by investigating the relationship
between the length/width ratio of the quadrat type and the
parameter K.

The binary power law was used to characterize the relationship
between heterogeneity and disease incidence observed in the
monthly ratings of disease in the six fields (16). The binary power
law is often written in its linearized form as In(V,,,) = In(A) +
bIn(Vy;,), where V,,, is the observed variance of diseased trees

within quadrats and Vj;,, = np(1 — p) would be the expected vari-
ance if data followed a binomial distribution, where n is the
number of trees per quadrat and p is mean disease incidence.
When A = | and b = 1, the spatial pattern is random and can be
described by the binomial distribution. When A > 1 and b = 1,
discase is aggregated and the level of aggregation is independent
of p. When A > 1 and b > |, the degree of aggregation varies
systematically with p. The parameters In(4) and b were estimated
by linear regression, and the equality of In{A) to 0 and b to 1 was
tested by a ¢ test using the estimated parameters and their standard
deviations. The initial numbers of trees per quadrat was not
constant; therefore, the mean value of plants per quadrat was used
to estimate Vi, and Vi, (5).

Join count analysis. Consider a lattice of trees where symp-
tomatic plants are coded B and asymptomatic plants are coded W.
Two plants at sites s; and s; are separated by a vector, or spatial
lag, h, determined by the distance d between plants and an
angular direction 8 (the directions 8 and 0 + 180° are considered
equivalent). To determine whether events in all pairs of sites
separated by h are spatially autocorrelated, the number of BB,
WW, and BW joins for pairs separated by h are counted and
compared with the expected numbers of joins of the same
category under the null hypothesis Hy of no spatial antocor-
relation. We used the BB join count to test whether diseased trees
separated by h were spatially autocorrelated. Instead of calcu-
lating the BB join count for each existing spatial lag h between
trees, classes were defined from a restricted set of spatial lags
hy,h,,...hy and each pair of trees was allocated to the class C(h,)
defined by the closest spatial lag h, in distance and orientation.
The BB(h;) join count was then calculated for each class C(h;).
The spatial lags hy.hs,..h;, were defined by combining
predetermined distances (d) and orientations (8) in order to
compute spatial correlograms. Predetermined distances were
multiples of 9 m, corresponding to the distance between two
adjacent trees within the row. Because we wanted more accuracy
near the origin of the correlogram, the predetermined distances
were chosen at increasing intervals and were fixed at 9 to 90 m by
increments of 9 m, at 108 to 180 m by increments of 18 m, and at
216 m and further by increments of 36 m. Angular directions
were 0°, 45°, 90°, and 135° measured clockwise, direction 0°
being perpendicular to the rows. Omnidirectional correlograms
depending only on distance and not on orientation were also
computed.

Under the hypothesis of spatial randomness, the expected value
of BB(h,) is

m{n —1)

ElBBE,)|= AG) n(n—1)

where A(Ei) is the number of pairs of trees in the class C(ﬁi) N
is the total number of trees in the field, and », is the number of

TABLE 2. Number of newly infected trees by coconut lethal yellowing in six fields in Mozambique over 4 years

Date
1999 2000 2001 2002

Month* Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Feb Apr Jun Aug Oct Dec Mar Jun

Field 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 18 20 22 24 20 28 31 34 Inft Not
A 58 12 .. 1 3 .. 36 33 6 21 9 8 11 52 16 85 25 6 7 19 14 422 1,463
B 59 20 12 17 9% & 32 12 19 8 23 4 8 8 4 20 38 440 1,126
C F < X O & 10 42 R 30 30 27 26 16 20 22 15 25 65 571 1,223
D 17 12 2 5 17 27 1 27 31 18 11 21 Lo 22 22 10 10 7 27 49 438 1,366
E 50 7 1 4 2 3 g 28 33 33 13 g 13 s 10 6 9 1 g 274 784
F 13 7. ... 35 33 12 2 2 2 8 2 30 8 &8 22 11 8 31 19 273 1,028
Total 138 38 129 10 130 104 71 82 200 126 61 109 52 50 36 B0 228 108 140 95 63 50 123 194 2418 69590

2 Time of assessment measured since the beginning of observations. Empty cells (...) indicate that no assessment was made at the corresponding date.

b Total number of infected trees.
¢ Total number of trees.
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symptomatic trees (4). We used the standardization

_BBM)
E[BB(h,)]

so that, in the case of spatial randomness, E[R(h,)] = 1. Values
R(h;)>1 indicate a number of pairs of diseased trees in class
C(h;) which is greater than expected.

We used simulations to obtain empirical distributions of R(d)
(the value of R(h) at fixed 0) under the null hypothesis of a
random pattern of diseased trees. For each field and each 6-month
assessment, 400 sets of simulated data were generated. Each set
was obtained by fixing the missing trees and randomly assigning
ny infected trees and (n — ny) healthy trees to the remaining sites.
For each direction, the 0.025 and 0.975 quantiles of the 400
simulated curves R{d) determined the 0.95 confidence envelope of
R(d) for the null hypothesis. A peak of R(d) was defined as a set
of points (d,R(d)) with contiguous distance classes d having R(d)
significantly >1. By reference to core clusters and reflected
clusters defined in two-dimensional distance class analysis (14),
peaks adjacent to the origin (i.e., including distance 9 m) were
called core peaks. Other peaks were called reflected peaks. The
width of the core peak of each curve, corresponding to the upper
distance class dy., in the peak, along with the maximum value
Ryax of R(d) in the peak, were retained as characteristics of the
spatial patterns within clusters, and tabulated. Cumulative cases
and new cases were analyzed separately. In the analyses of new
cases, trees previously assessed as symptomatic were considered
as miissing.

Spatlotemporal analysis. Spatiotemporal join count analysis.
Spatial measures of autocorrelation for binary data can be
extended to spatiotemporal data by considering pairs of points
observed at two different times, 1, and 1, (4,24,37). We defined the
spatiotemporal BB join count for spatial lag h between times ¢
and #, as the number of pairs of trees comprising a previously
diseased tree (1) tree) and a newly diseased tree (1, tree) separated
by spatial lag h . We used the spatiotemporal BB join count to test
if £; trees and 1, trees separated by spatial lag h were correlated.
Classes of spatial lags were defined in a similar way as for spatial
analysis, except that directions & and & + 180° were not
equivalent because pairs of trees were oriented. Therefore, the
angular directions considered were 0°, 45°, 90°, 135°, 180°, 225°,
270°, and 315°. Omnidirectional classes were also considered. We
used the standardization

R(h) =

BB(h,)
E[BB(h,)]

where E{BB(B ;1 is the expected value of BB(E ;) under the
hypothesis of spatial independence between 1) trees and 1, trees. If
n, is the number of & trees, and #' is the number of asympomatic
trees at time ¢, the total number of BB pairs with the first tree at
time t; and the second at time ¢, is #;7, and the total nmumber of
BW such pairs is mn';, so that the probability of drawing at
random a BB pair among all BB and BW pairs is no/(n; + n'y). In
case of spatial independence, this probability is the same for all
subsets, so that

R(E;) =

E[BB(,)] = Ah,)

sy Ry

Values R(Ei)>1 indicate a number of -, pairs in class C(fli}
which is greater than expected. We used simulations to obtain
empirical distributions of R(d) in each direction under the
assumption of a random pattern of #, trees. For each field and each
pair of 6-month assessments, 400 sets of simulated data were
generated. Each set was obtained by fixing the ¢, trees and the
missing trees and randomly assigning n, infected trees and »',

healthy trees to the remaining sites. Trees assessed as symp- -

tomatic before the 6-month assessment f; or between #; and %,

were considered to be missing. Core peaks and reflected peaks
were defined and analyzed in the same way as for spatial join
counts. These peaks correspond to core clusters and reflected
clusters, respectively, in spatiotemporal distance class analysis
(24).

Semivariogram analysis. The experimental semivariogram is a
measure of spatial dependence between values of a quantitative
variable 7 measured at points in the plane separaied by a vector, or

.spatial lag, h . Pairs of points are usually aggregated into classes

Cth,) so that every pair of points is allocated to the class Ch,)
defined by the closest spatial lag h; in distance and orientation.
For all lag h the experimental semivariogram y(h ) is defined
as

e L

where z(s)) is the value of the quantitative variable at point s;, and
the sum is over the class C(h;), which contains Ah;) pairs (6).
We calculated semivariograms of the times of appearance of LY
on every symptomatic tree to investigate spatial dependences
between these times. Classes C(h;) were defined in a similar way
as for spatial join counts. Directional semivariograms in direc-
tions 0°, 45°, 90°, and 135° were plotted and visually compared.
Omnidirectional semivariograms were also calculated. We used
simulations to0 obtain empirical distributions of omnidirectional
semivariograms under the assumption of random pattern of times
of appearance of LY. Two tests were performed, corresponding to
two different null hypotheses (27). In the first test, the null
hypothesis was complete randomness of times of appearance of
LY on the symptomatic trees in the field. Simulated data were
obtained by randomly assigning the observed times of appearance
of LY to the symptomatic trees. In the second test, the null
hypothesis was randomness of times of appearance of LY on the
symptomatic trees within clusters. A cluster was defined as a set
of spatially related symptomatic trees (i.c., such that two trees in
the same cluster could be connected by a path through adjacent
trees on the row or between rows), Simulated data were obtained
by randomly assigning the observed times of appearance of LY to
symptomatic trees within each cluster. In both cases, tests were
performed by comparing the observed values of the omni-
directional semivariogram with the distribution of 400 simulated
semivariograms.

Statistical analysis. All the analyses were performed using the
statistical software package R, version 2.8.0 (32). The estimation
of the parameters of the B-binomial distribution by maximum
likelihood was performed using the R package aod (18) and the
linear regression of the binary power law was performed using the
standard R package stats. All the other tests were programmed
using R. The computation of the spatial and spatiotemporal BB
join counts was programmed in C interfaced with R. The source
code is available on request to the corresponding author.

RESULTS

Temporal progress of the disease. During the 34-month
assessment period, 6,990 trees were examined in the six fields.
The overall cumulative number of infected trees increased from
138 (incidence = 0.0197) at month 1 to 2,418 (incidence = 0.346)
at month 34 (Table 2). The progression of LY over time was
irregular and peaks of monthly incidence were not the same in
every field (Fig. 2). Simple models of disease progress did not fit
well the observed data (results not shown). The average values of
monthly incidence over the 34-month period were 0.009 (field A),
0.014 (field B), 0.018 (field C), 0.011 (field D), 0.011 (field E),
and 0.009 (field F), expressed in new cases of LY per tree per
month. Fields A and F, each located at one end of the studied
region and separated from the other fields by »20 km, had lower
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monthly incidence than fields B to E, located in the central region
within a maximum distance of 6 km between B and E.

Spatial analysis. Distribution of diseased trees per quadrat.
Aggregation in disease incidence was detected in every field by
the likelihood ratio test. To illustrate, results of square quadrats
and of a select group of rectangular quadrats are presented for
fields A and D, which provided contrasting values of k (Table 3).
Intensity of aggregation differed among fields; except for month
4, when the incidence of 1Y was low, in most cases, fields A and
E had the highest values of x, fields D and F had the lowest
values, and fields B and C had intermediate values. In every field,
x was greater for small quadrats than for large quadrats and for
high incidences than for low incidences. However x did not
systematically increase as incidence increased (e.g., in fields A
and D, the highest values of k¥ were found for intermediate inci-
dences [0.240 to 0.245]). No relationship between quadrat
orientation or shape and the 3-binomial parameter x was detected
(results not shown).

For the quadrats 2x2, 2x3, 3x2, 3x3, 2x5, and 5x2, every
distribution of diseased trees obtained from the 36 field assess-
ments (i.e., 6 ratings of 6 fields) was fitted to the B-binomial
distribution. According to a % test of goodness-of-fit at level 5%
(results not shown), the ratios of the number of distributions that
could be described adequately by the B-binomial distribution to
the number of %2 tests that could be performed were 32/34 (2x2
quadrat), 31/34 (2x3), 29/34 (3x2), 28/34 (3x3), 34/35 (2%5), and
29/33 (5x2), indicating the adequacy of B-binomial distribution.

Binary power law. The fit to the binary power law was highly
significant for every quadrat type analyzed (Table 4). Estimated
slopes were significantly >1 (P < 0.001), indicating that the degree
of heterogeneity varied with incidence and, except for the 2x2
quadrat, estimated intercepts were significantly >0. For all quadrat
sizes, most of the points were located above the binomial line
(Fig. 3).

Spatial join count analysis. The results of spatial join count
analyses for the six fields at the six times of assessment are
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Fig. 2. Cumulative incidence (curve) and monthly incidence (histogram) of coconut lethal yellowing between September 1999 (month 1) and June 2002 (month
34) for the six fields A to F. Vertical lines correspond to the 6-month assessments retained for spatial and spatiotemporal analyses.

TABLE 3. Aggregation in incidence of coconut lethal yellowing in two selected fields at six dates in Mozambique

Coefficient of intraclass correlation®

Field, month  Incidence 2x2 2x3 32 3x3 25 5x2 dxd 5x8§ 6x6

A
4 0.049 0.114%%% 0.097%** 0.123%%% 0.102%** 0.082%%* 0.097%** 0.061%** 0.066%** 0.033%%*
10 0.102 0.343%%% (1,332 %#% 0,301 %** 0.304%*x 0.239%*% 0.245%%x 0,207 %% 0.192%%% (.14 1%%%
16 0.135 0.354%%* 0.342%%* 0.295%%* (.312%%* Q.277H%* (.233%%* (0.244% %% 0.220%%* 0.182%%*
22 0.240 0.420%** 0.372% %% (.375%** 0.366*+* 0.342%%* (0.323%*x 0.333 %% 0.203 %% 0.247%=*
28 0.266 Q401 +** 0.326%+* 0.355%%* 0.330%*= 0.306%** Q.31 2% (.320%%* 0.267%%* 0, 218%*#
34 0.288 0.386%+* 0.32 %% 0.350#** 0.3 14k 0.309%%* 0.307%%* 0.308%*x 0.263% %= 0.2 2%%x

D
4 0.026 0.072* 0.039 0.063* 0.057** 0.034* 0.051%* 0.034** 0.040** 0.036%**
10 0.102 0.103%x* 0.087%*% 0.103%** 0.065%** 0.092%% 0.064%** 0.054%*¥ 0.055=%% 0.072%x*
16 0.138 0,107 *x* 0.058** 0.090%** 0.048%* 0.078*** (.064 %% 0.053*** 0.045%** 0.057%%%
22 0.245 0.147%% (.11 5%%* 0.1]3%%x 0.06] *+* 0.102%* 0.095%x* 0.048%%# 0.045%%* 0.067%**
28 0.265 Q.14 ##* 0.113%08* 0.106%** 0.056** 0.109%** 0,083%%* 0.062x** 0.045%+*% 0.060%*%
34 0.221 0.088** 0.074%** 0.079%%* 0.043* (.070*%* 0.053*=* 0.038** 0.018 0.029%*

? Maximum likelihood estimate of the coefficient of intraclass correlation x of the f-binomial distribation. Quadrat size = rows x trees. Significance of the
likeliheod ratio test is indicated by *, *¥*, and *** at levels P = 0.05, 0.01, and 0.001. respectively.
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summarized in Table 5 for cumulative cases and in Table 6 for
new cases. To illustrate, an example of the R(d) curves is shown
for cumulative cases in field A at month 10 (Fig. 4). In this case,
core peaks were detected in the four directions and for omni-

TABLE 4. Results of the binary power law analysis of the incidence of
coconut lethal yellowing in Mozambique

In(A)° bo

Quadrat*  Estimate SE Estimate SE R?

2x2 0.969 0.075 1.140 0.021 0.964
2x3 1.388 0.121 1.196 0.031 0.933
3x2 1.211 0.122 1.158 0.031 0.927
3x3 1.675 0.195 1.199 0.045 0.866
2x5 1.893 0.159 1.241 0.036 0.917
5x2 1.531 0.170 1.166 0.039 0.892
4x4 2.306 0.265 1.260 0.055 0.831
5x5 2.827 0.346 1.279 0.066 0.779
6x6 3.905 0.331 1.412 0.059 0.842

# Quadrat size = rows X trees,
“In(4) and b are the coefficients of the line I(V,,) = In(A) + bin(Vy,)
estimated by least square regression. SE = standard error,

directional distances with a width 4, = 45 to 63 m. Beyond this
limit, a reflected peak appeared at a distance of =135 m in
directions 90° and 1359 and for omnidirectional distances. This
spatial pattern suggests isotropy because the four directional
curves have a similar aspect within the core peak. For cumulative
cases, core peaks were detected in 35 of 36 curves for omni-
directional join counts and in 134 of 144 curves for directional
join counts, indicating clustering of symptomatic trees in every
field at every 6-month assessment, except for field F at month 4
(which is the starting month), where incidence was very low
{Table 5).

The width d,. of core peaks for omnmidirectional and
directional curves generally increased with time and, therefore,
with incidence for fields A, C, and E, and remained roughly
constant for fields B, D, and F, whereas Ry, globally decreased
with time for all fields. Fields A and E had the widest peaks,
fields D and F had the narrowest peaks, and fields B and C had
intermediate peak width. The width of the peaks, which can be
mterpreted as the range of influence of diseased trees on nearby
trees, was 9 to 162 m depending on the time of assessment and
the field and, in most cases, was 27 to 108 mi. Anisotropy was not
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formally tested; however, the data in Table 5 suggest that fields D
and F had isotropic patterns, whereas the other fields had widest
core peaks in at least one direction: field A in directions 0° and
135°, fields B and C in direction 90°, and field E in directions 90°
and 135° measured clockwise from a perpendicular to the rows.
Adding the azimuth of each ficld (Table 1) to these angles gives
the geographical directions of the widest core peaks: 160° and
295° for field A, 30° for fields B and C, and 10° and 55° for field
E. For fields B, C, and E, the overall direction of the widest core
peaks is roughly 30°, which is approximately parallel to the coast.

For new cases, core peaks were detected in omnidirectional
curves for at least four of the five assessment periods for every
field, indicating clustering of new diseased trees (Table 6).
Directional core peaks were also detected but were less frequent
than for cumulative cases.

Spatiotemporal analysis. Spatiotemporal join count analysis.
Omnidirectional effects were detected in every field but direc-
tional effects were detectable only in field A (Table 7). For
example, between months 10 and 22 for field A (Fig. 5), core
peaks were detected in seven of the eight directions tested with a
width d,,,x = 18 to 144 m depending on the direction. A core peak
was also detected for omnidirectional distances. The different
shapes of the curves in the eight directions suggested anisotropy;

however, no formal test was made to confirm it. Anisotropy
appeared to occur in other situations (Table 7) for which wide
core peaks were detected in particular directions: months 10 to
16, direction 135°, d,., = 18; months 16 to 22, direction 45°,
doax = 10; and months 10 to 22, directions 0° and 315°, d,,, = 16.
However, such anisotropy was not a constant characteristic of the
area because it never occurred in the same direction, and may
have been purely random. Core peak widths were always <162 m.
Cote peaks had their maximum value at 9 to 18 m, indicating that
these distances were the most frequent between a previously
diseased tree and a newly diseased tree.

For omnidirectional join counts, core peaks were detected in
every field (Table 8), indicating that new cases appeared more
frequently next to previously diseased trees. The ratios of sig-
nificant core peaks to all core peaks tested for temporal lags 6, 12,
18, 24, and 30 months calculated from Table 8 were 16/30, 12/24,
5118, 1112, and 0/6, respectively. These decreasing values indi-
cated that trees became diseased preferentially 6 or 12 months
after their neighbors, although periods of 18 months or more were
possible. These values were only approximations because data
were grouped by periods of 6 months.

Semivariogram analysis. For every field, semivariograms of the
time of appearance of LY in directions 0°, 45°, 90°, and 135°

TABLE 5. Summary of spatial join count analysis of cumulative cases of coconut lethal yellowing in six fields at six times of assessment in Mozambique

Orientation?
Omnidirectional 0° 45° 90° 135°
Field, month Width Rmax Width Rmax Width Rmax Width Rmax Width Rmax
A
4 54 377 63 3.84 27 3,75 27 4.00 45 4.02
10 63 4.30 63 4.29 63 4.37 45 4.61 63 3.90
16 81 3.36 81 3.52 72 3.23 63 3.34 144 335
22 126 2.30 162 2.30 72 2.20 81 2.34 162 2.36
28 108 2,08 162 2.11 72 2.00 81 2.14 162 2.12
34 108 1.92 162 1.97 72 1.87 81 2.00 144 1.95
B
4 54 5.09 36 5.33 45 5.06 72 5.57 45 5.26
10 54 1.82 36 1.97 45 1.71 108 1.89 54 1.73
16 54 1.60 45 1.65 45 1.55 126 1.63 54 1.57
22 54 1.56 36 1.60 45 1.44 108 1.64 54 1.56
28 34 148 36 1.54 45 1.45 108 1.58 54 1.43
34 45 1.33 36 1.37 45 1.32 108 1.38 36 1.32
C
4 36 4.89 9 445 18 5.24 63 5.64 18 4.16
10 54 2.26 27 2.61 36 218 144 2.35 36 1.89
16 63 1.55 36 1.59 63 1.55 126 1.59 36 1.45
22 63 1.40 36 1.43 63 1.40 144 1.48 45 1.33
28 63 1.29 36 1.29 63 1.29 144 1.38 45 123
34 63 1.21 36 1.22 63 1.21 180 1.32 45 1.20
D
4 36 4.39 9 5.07 9 6.02
10 45 1.73 9 1.66 27 2.69
16 9 1.55 9 1.57 9 2.01
22 36 1.40 9 1.44 9 1.33 18 1.60 27 1.20
28 36 1.36 9 1.39 9 1.29 27 1.54 18 1.22
34 36 1.22 9 1.21 9 1.16 18 1.36 9 1.16
E
4 63 348 27 3.21 36 3.76 180 4.04 36 2.82
10 36 2.00 27 1.98 27 1.94 54 2.20 36 1.93
16 54 1.69 36 1.59 27 1.63 54 1.88 63 1.63
22 162 1.49 36 1.46 45 1.45 90 1.59 63 1.48
28 162 1.50 63 1.52 72 1.49 144 1.52 180 1.50
34 162 1.50 72 1.50 72 1.47 144 1.51 162 1.54
F
10 27 2.10 9 1.91 18 2.07 18 2.18 9 225
16 27 2.17 18 1.93 18 2.06 18 2.19 18 2.49
22 18 1.69 9 1.65 9 1.49 9 1.74 9 1.85
28 27 1.60 9 1.61 9 1.53 9 1.60 9 1.64
34 45 1.48 9 1.48 9 1.41 18 1.49 27 1.56

2 Angular direction measured clockwise from a perpendicular to the rows, Width = width of the core peak of standardized join count R(d), in meters, obtained
from the (.95 confidence envelope. Rmax = maximum value of R(d) over the core peak. Empty cells (...) represent curves without significant core peak.
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increased between 9 and 54 to 90 m (Fig. 6). Beyond 90 m,
divergence between directional semivariograms sometimes oc-
curred but was not systematic. In the following, only omni-
directional semivariograms are considered.

For every field, there was a regular increase in the semi-
variogram between 9 and 54 to 90 m (Fig. 7), and the value of the
semivariogram at 9 m was always significantly lower than ex-
pected in the case of complete spatial independence. This result
indicated a tendency for neighboring trees to become diseased at
shorter time lags than average, and that these lags increased with
the distance between trees. In the first test, the critical distance,
determined by the point at which the value of the semivariogram
reached the 0.95 lower confidence lmit of simulated data, ranged
from =18 m for fields D and E to 180 m for field B. However, in
the latter case, the semivariogram was very close to the confi-
dence limit at 63 m, so that its lower values beyond this distance
could be an artifact caused by interference between clusters. For
the other fields, the critical distance did not exceed 63 m. The
second test, although statistically less powerful, rejected spatial
randomness of time of appearance of LY within clusters in every
field except for field E (Fig. 7). The critical distance varied from
~9 m for fields D and F to 36 m for fields A and C. This indicated
that the tendency for neighboring trees to become diseased at
shorter than average time lags was not due only to variability
between clusters and that, therefore, there was a spatial structure
of time of appearance of LY within clusters. This strongly sug-
gests a secondary spread within clusters.

DISCUSSION

The incidence of coconut LY in Mozambique was found to be
aggregated in space and time within fields of 700 to 1,500 trees.
Over a period of 34 months, the disease status of any single tree
was dependent on the disease status of trees at distances of up to
180 m and was influenced by the status of these trees 6 to 12
months earlier.

Temporal progress of the disease. Simple models of disease
progress did not fit well to the observed data. This result is in
disagreement with other studies, where the logistic model could
be fitted to incidence of LY-type diseases. The logistic model was
used by McCoy for LY in Florida and in Jamaica, for Kaincope
discase in Togo, and for cadang-cadang in the Philippines (20); by
Schuiling et al. for LY in Tanzania (35); and by Steiner for
Kaincope disease in Togo (36). Some of these studies, however,
concerned much larger areas than the six fields we observed in
Mozambique, because the number of trees assessed could reach
350,000 (20). This difference in sample size could explain the
more erratic shape of our observed curves.

Spatial analyses. LY incidence was investigated for aggrega-
tion on cumulative cases of LY symptomatic trees and on new
cases. Analyses of the distribution of diseased trees per quadrat
and analyses of spatial join counts were in agreement in quanti-
fying the intensity of aggregation, because the width of the omni-
directional core peak was correlated with the coefficient x of
spatial autocorrelation at fixed quadrat size. For 5x5 quadrats, the

TABLE 6. Summary of spatial join count analysis of new cases of coconut lethal yellowing in six fields at six dates in Mozambique

Orientation®
Omnidirectional o° 45° 90° 135°
Field, month Width Rmax Width Rmax Width Rmax ‘Width Rmax Width Rmax
A
10 63 6.27 63 6.33 72 6.44 54 6.93 54 5,35
16 108 4,24 9 5.65 18 447 27 5.05
22 81 277 63 2.69 72 2.75 81 2.99 45 2.66
28 18 2.53 18 5.65
34 9 2.87
B
10 36 1.55 27 1.96 54 1.45 36 1.51
16 - .. e
22 9 2.57 9 5.05
28 9 6.33 9 12.01
34 27 2.26 9 3.88
C
0 54 2.18 9 3.05 a5 2.15 144 2.17
16 27 1.37
22 54 2.09 27 2.49 . 9 2.49
28 18 2.36 45 443 G 274
34 9 1.51 8 2.35
D
10 27 1.58 27 302
16 e .
22 9 1.39 - .
28 9 5.42 i8 14.25
34 36 1.67 18 2.73
E
10 27 2.34 9 2.23 18 2.27 27 2.73 36 2.09
16 27 2.62 18 3.16 9 376
22 9 2.57 - -
28 .- . 18 6.59
34 9 10.79 9 16.12
F
10 18 2.19 9 1.77 27 2.23 18 2.47 18 225
22 9 3,18 9 5.30 9 2.99
28 81 4.38 9 378 108 5.25 45 5.68
34 27 294 9 4,02 g 4.01

* Angular direction measured clockwise from a perpendicular to the rows. Width = width of the core peak of standardized join count R(d), in meters,
obtained from the 0.95 confidence envelope. Rmax = maximum value of R(d) over the core peak. Empty cells (...) represent curves without significant core

peak.
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coefficient of linear correlation between these two parameters three of them. However, because this direction also corresponded
calculated with the 36 available pairs of values was 0.75. This to the orientation of the rows, this anisotropy could have been
positive correlation can be explained by observing that, when the cansed by an unknown factor linked to rows. For new cases, the
size of aggregates increases, the width of the core peak increases spatial patterns were not analyzed with the quadrat method
along with the number of quadrats covered by the aggregates, because many quadrats would have been empty or very incom-
which contributes to an increase in k because the quadrats contain plete. Join count analysis detected an omnidirectional core peak
trees with a disease status that is more similar than by random  in most sitnations, indicating that new diseased trees appeared in
chance. Although anisotropy was not formally tested, it was clusters. Directional core peaks were more difficult to detect than
suggested by results of join count analyses for four of six fields, for cumulative cases because the number of oriented pairs of new
and corresponded roughly to the same geographic direction for cases was lower.

Omnidirectional i Direction 0° i Dirgction 45°
a4 | 4 i 4 | :

R(d)

R(d)

™ T
120 180

Distance (m)

Fig. 4. Ommnidirectional and directional spatial dependence between cumulative cases of coconut lethal yellowing in field A at month 10, The curves represent the
standardized join count R(d) of symptomatic trees against distance. Dashed lines indicate the 0.95 confidence envelope obtained from 400 simulations under the
hypothesis of spatial independence. Vertical dotted lines indicate the core peak.

TABLE 7. Summary of spatiotemporal directional and omnidirectional join count analysis of new cases of coconut lethal yellowing in field A at five time lags
corresponding to 15 pairs of 7)-f, months

Orientation®

Omni 0° 45° 9° 135° 180° 225° 270° 315°
Lag, months® Width Rmax Width Rmax Width Rmax Width Rmax Width Rmax Width Rmax Width Rmax Width Rmax Width Rmax
6
4-10 54 3.90 81 3.51 45 3.66 9 3.76 9 2.87 36 4.62 45 4.46 45 462 63 407
10-16 108 3.54 162 519 36 447 54 3.19 27 4.26
16-22 126 2.65 .90 3.62 9 2.60 18 2.85 27 267 45 3.64
22-28 !
28-34
12
4-16 90 225 9 285 - - 9 3.60
10-22 144 3.01 144 383 63 2.92 27 3.99 18 2.68 36 3.10 63 3.54 144 3.63
16-28 27 3.25 18 6.16 - - -
22-34 27 2.31 27 3.50 27 4.07 9 2.85 -
18
4-22
16-34 9 2.85 9 444
24
4-28
10-34
30
4-34

* Lag in months between assessment tites £ and £,; months = f; and f, assessment times.

b Angular direction measured clockwise from a perpendicular to the rows. Omni = omnidirectional. Width = width of the core peak of standardized join count
R(d), in meters, obtained from the 0.95 confidence envelope. Rmax = maximum value of R(d) over the core peak. Empty cells (...) represent curves without
significant core peak.
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Spatiotemporal analyses. Spatiotemporal join count analysis
and analysis of the semivariogram of time of appearance of LY
were used to characterize how the time lag between appearance of
LY was related to the distance between symptomatic trees. The
two methods were in agreement in quantifying the relations in
space and time between symptomatic trees. This result is not
surprising because the hypotheses tested are related: spatio-
temporal join count analysis tests the randomness of distances
between two sets of trees, given the time lag between the disease
appearance in the two sets; and the analysis of the semivariogram
tests the randomness of time lags of disease appearance in pairs of
trees, given the distance between trees. Analysis of the semi-
variogram of time of appearance of LY provides the comple-
mentary information that the average time lag increases with the
distance between symptomatic trees, within the limit of the range
of the semivariogram that is =60 m. The isotropy of semi-
variograms at short distances is compatible with possible aniso-

tropy of curves of R values of spatiotemporal join counts. This
apparent contradiction can be explained by the hypothesis that
anisotropic patterns for pairs of specific 6-month assessments are
random and become undetectable when all the times of appear-
ance of LY are combined in a single semivariogram.
Epidemiological interpretation. Spatial and spatiotemporal
patterns of LY were found to have the same general properties in
all six fields. Clustering of LY-infected trees was detected for
cumulative cases as well as for new cases grouped by assessment
periods of 6 months. Furthermore, the new cases had a tendency
to appear closer to previously diseased trees than would occur by
random chance. The average difference between times of appear-
ance of LY increased as distance increased from 9 m to =60 m.
These statistical properties did not exclude new isolated cases,
which could remain isolated (or not) as incidence increased.
These results are in agreement with those of previous studies,
which reported spatial autocorrelation of LY-infected trees

Direction 315¢

Direction 0° :

Direction 45°

T
120

T
120

T
120

R(d)

Y T T T

T T T
120 120 180

Direction 180°

Direction 135°

L E—

T |
120 180

T
180

™
120
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Fig. 5. Omnidirectional (center) and directional spatiotemporal dependence between cases of coconut lethal yellowing observed at two 6-month assessments in
field A. First assessment: month 10. Second assessment: month 22. Symptomatic trees observed at months 11 to 16 were considered as missing. The curves
represent the standardized join count R(d) between #; and £, trees against distance. Dashed lines indicate the 0.95 confidence envelope obtained from 400
simulations. Vertical dotted lines indicate the first peak. All peaks except in direction 225° are core peaks.
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TABLE 8, Summary of spatiotemporal omnidirectional join count analysis of new cases of coconut lethal yellowing in 6 fields at five time lags corresponding to

15 pairs of #;-f; months®

Field A Field B Field C Field D FieldE Field F
Lag, months®  Width Rmax Width Rmax Width Rmax Width Rmax Width Rmax Width Rmax
6
4-10 54 3.90 63 2.13 45 1.93 9 1.54 36 1.55 9 2.02
10-16 108 3.54 9 1.41 9 1.39 18 1.68 18 312
16-22 126 2.65 9 1.39
22-28 9 2.5%
28-34 9 371 90 2.34
12
4-16 90 225 36 1.93 36 1.68 9 2.37
10-22 144 3.0l 9 1.55 18 143
16-28 27 3.25 63 3.06
22-34 27 231 63 1.72 36 4.54
18
4-22 9 2.26 9 1.55
10-28 18 1.95 9 1.85
16-34 9 2.85 .
24
4-28 81 2.72
10-34
30
4-34

3 Width = width of the core peak of standardized join count R(d), in meters, obtained from the 0.95 confidence envelope. Rmax = maximum value of R(d) over the

core peak. Empty cells (...) represent curves without significant core peak.

b Lag in months between assessment times #; and 2,. Months = ¢, and 7, assessment times.
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Fig. 6. Directional semivariograms of times of appearance of coconut lethal
yellowing in field A.

(11,13). According to McCoy (20), most spread of LY occurs
within a local area, possibly 100 m in diameter surrounding an
active focus of disease, but diseased trees may appear several to
>100 km apart from previously infected trees, thereby estab-
lishing new disease foci.

We must consider heterogeneity in disease incidence within
fields and among fields. It is unlikely that heterogeneity within
fields was caused by differences in genetic material or age
because, in commercial plantations, each field is planted within 1
or 2 weeks with homogeneous material. Contarnination of trees
before planting can be excluded because contamination of
embryo or seedling by LY was never reported. Heterogeneity
caused by plantation operations is unlikely because mechanical
inoculation is not possible. Therefore, clustered new cases prob-
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ably occurred because the disease was transmitted by the vector to
neighboring trees. At least two mechanisms could lead to the
patterns observed. The first is simultaneous infection of neigh-
boring trees by the same insect, possibly coming from a remote
infected tree. Indeed, it is known that diseases caused by phyto-
plasmas are frequently transmitted in persistent mode (31), so that
an infected insect remains infectious throughout its life and can
inoculate several trees. In this case, the increasing difference
between times of appearance of LY with distance would result
from heterogeneity between clusters, each originating from the
arrival of insects at possibly different times, contrasting with the
homogeneity of neighboring trees inoculated at nearly the same
time within cach cluster. The second mechanism is secondary
spread of the disease from infected trees to their neighboring
trees, in which case the increasing difference between times of
appearance of LY with distance would merely reflect the progress
of the disease in space and over time. A strong argument in favor
of this secondary spread at short distance is the within-cluster
spatial structure of times of appearance of LY, which suggests a
spatial gradient of time well explained by the propagation of the
disease from a tree to its neighbors. In the case of simultaneous
infection of neighboring trees, a random distribution of times of
appearance of LY within clusters would rather be expected. It is
worth noting that only the test based on local permutations of
times of appearance of LY within clusters is able to detect the
secondary spread, while the test based on complete permutations
mixes the two possible mechanisms.

Differences among fields in disease incidence and aggregation
can probably be influenced by several factors. Fields B and C, for
example, which were homogeneous in that they were separated by
only 500 m and were planted in the same year, had the highest
incidence (Fig. 2), similar values of k, and similar widths of the
core peaks of cumulative cases of LY (Table 5). However, it was
not possible to establish a relation between aggregation in disease
incidence and location or age of the fields.

The time after which new cases were found to appear
significantly in the immediate proximity of previously diseased
trees can provide information about the incubation period of the
disease, If there is secondary spread of the disease, it is likely that
newly diseased trees were contaminated preferentially, although
not exclusively, by their neighbors. This time was found to be =6
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to 12 months in most cases, and never exceeded 24 months. The
incubation period is likely to be longer than indicated by these
results because the contamination of new trees occurred before
the neighboring symptomatic trees were removed. However, these
values are comparable with those already reported, which were
3 to 9 months for 2- to 3-year-old coconut trees (7), and 7 to
15 months (33) or 6 to 24 months (8) for adult trees.

This study demonstrated that the observed spatial patterns of
LY are at least partially caused by secondary spread of the
discase. The variability in the intensity of aggregation and range
of influence between fields is possibly due to differences of local
ecological conditions. The systematic occurrence of clusters of
diseased trees in every field in the study and of spatial auto-
correlation at short distance between times of appearance of LY
suggest that a more efficient control of the disease could be
achieved by removing asymptomatic trees in the proximity of
symptomatic ones. More experimentation is needed to identify the
optimum distance for removal. Simulations based on different
hypotheses of dispersion gradient and including economic con-
siderations would help to prepare recommendations.
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