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20 Abstract

21 Studying spatial and temporal plant disease dynamics helps to understand pathogen dispersal processes 

22 and improve disease control recommendations. In this study, three cacao plots devoid of primary 

23 inoculum of Phytophthora megakarya (causal agent of cacao black pod rot disease) upon establishment 

24 in 2006 were monitored for presence of disease on a weekly basis from 2009 to 2016. Ripley’s K(r) 

25 function, join count statistics and Fisher Exact test were used to analyse spatial and temporal disease 

26 dynamics. Disease distribution maps showed aggregated disease patterns in all plots although for the 

27 years of disease onset, exogenous primary infections were mostly randomly distributed. The K(r) 

28 function confirmed these results indicating that inoculum generally disperses only over short distances. 

29 Moreover, significant positive spatial autocorrelations showed that diseased trees were often clustered 

30 up to a distance of 3-9 m. Temporal disease progression was low, meaning that endogenous inoculum 

31 failed to establish itself which is partly explained by rigorous phytosanitation and partly by unfavourable 

32 microclimatic conditions for disease development. Since P. megakarya had difficulty establishing itself 

33 in the plots, proximity to already infected cacao plantations drove infection dynamics. Thus, isolation 

34 of newly established cacao plantations from infected ones and rigorous phytosanitation as a preventive 

35 strategy appears to be an effective approach to control black pod for newly established cacao plantations.

36 Keywords: Phytophthora megakarya, primary infections, spatial pattern, temporal evolution, 

37 Theobroma cacao
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38 Introduction

39 Cacao (Theobroma cacao L.) is an important cash crop in West and Central Africa, the region which 

40 accounts for approximately 70% of global cacao production (ICCO, 2014). Production is mainly by 

41 smallholder farmers who are facing numerous production constraints, including those due to pests and 

42 diseases. Cacao yield losses due to pests and diseases are estimated at around 30% of potential global 

43 production (Flood, 2004; Ploetz, 2016). Cacao production in Africa is particularly threatened by two 

44 major diseases: cacao black pod rot disease (BPD), caused by two Phytophthora species, P. palmivora 

45 and P. megakarya (Akrofi, 2015; Ali et al., 2016) and cacao swollen shoot virus (CSSV) disease (Akrofi, 

46 2015; Ploetz 2016). Whereas BPD is of concern in all West African cacao producing countries, CSSV 

47 is of particular concern in Côte d’Ivoire, Ghana, Togo and Nigeria (Muller, 2016; Bailey et al., 2016). 

48 Cacao black pod rot disease in Africa was first attributed to P. palmivora only. However, it 

49 became apparent, based on symptoms, morphology, aggressiveness and losses, that other species were 

50 involved (Sansome et al., 1975, 1979). This led to the description of P. megakarya by Brasier and Griffin 

51 in 1979. Phytophthora megakarya is actually the more aggressive of the two species and can cause up 

52 to 80% loss if no control measures are applied (Ali et al., 2016; Ndoumbè-Nkeng, 2002). This species 

53 is well established in Cameroon, Gabon, Nigeria, and Sao Tome & Principe (Brasier & Griffin, 1979; 

54 Nyasse et al., 1999) where it seems to have largely or completely displaced P. palmivora (Akrofi, 2015; 

55 Bailey et al., 2016; Mfegue, 2012). From the border area between Nigeria and Cameroon, P. megakarya 

56 spread to Togo in 1982, Ghana in 1985, and Côte d’Ivoire in 2003 (Dakwa, 1987; Djiekpor et al., 1982; 

57 Risterucci et al., 2003), where it is still in an invasive phase, coexisting with P. palmivora.

58 Since the identification of P. megakarya as a cacao threat, numerous studies have looked at 

59 control strategies. Considerable efforts have been made towards cacao resistance breeding and selection, 

60 yet no complete resistance to P. megakarya has been obtained (Nyassé et al., 2007). Phytosanitation of 

61 cacao farms helps to reduce the disease but must be supplemented with other methods (Ndoumbè-Nkeng 

62 et al., 2004; Nembot et al., 2018). Chemical control is the most common method used by farmers to 

63 reduce BPD (Deberdt et al., 2008; Opoku et al., 2007). Yet due to the many undesirable effects of 

64 chemical control on the environment, the health risks for producers and consumers, and the risk for the 

65 development of pathogen resistance, more sustainable ways to manage BPD are urgently needed. 

66 Integrated pest management (IPM) is increasingly recognised as a workable solution to this problem. 

67 Integrated pest management (IPM) is defined by the EU Framework Directive 2009/128/EC as 

68 the careful consideration of all available plant protection methods and subsequent integration of 

69 appropriate measures, and emphasises the growth of a healthy crop with the least possible disruption to 

70 agro-ecosystems and encourages natural pest control mechanisms (EU directive 2009/2018/EC). 

71 Barzman et al. (2015) define a set of eight principles to implement in any IPM strategy, where the first 

72 of these eight principles is prevention. Disease prevention can be considered as those measures taken to 

73 avoid the occurrence of disease but also those to reduce or stop disease progression when established. 
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74 The soil is considered the main inoculum reservoir of P. megakarya. Inoculum can survive there 

75 up to 18 months (Brasier et al., 1981; Ward and Griffin, 1981). Primary infections appear at the 

76 beginning of the rainy season when inoculum from the soil reaches pods on the tree through splash 

77 dispersal (Brasier and Griffin, 1979). Disease symptoms resulting from infection processes are observed 

78 on pods in the form of black lesions throughout (Guest, 2007; Nyasse et al., 1999). The first symptoms 

79 are observed between 2 to 3 days after infection (Akrofi, 2015), followed by a sporulation phase where 

80 lesions are covered with mycelium carrying sporangia, mostly within a week after infection (Deberdt et 

81 al., 2008; Ndoumbè-Nkeng, 2009; Ward and Griffin, 1981). Inoculum derived from sporulating pods 

82 can induce secondary infections or inoculum can be returned to the soil. Besides soil, flower cushions, 

83 mummified pods, bark, shade trees, and others crops common in cacao plantations have been pointed 

84 out as possible inoculum sources of P. megakarya (Akrofi, 2015; Akrofi et al., 2015; Holmes et al., 

85 2003; Opoku et al., 2002). It is important to note however, that these have not unequivocally been proven 

86 to be alternative sources of primary inoculum. 

87 Temperature, rainfall and humidity are prime determinants for the establishment and dispersal 

88 of many pathogens, including Phytophthora. Differences in disease occurrence and severity of BPD are 

89 partly due to differences in (micro-) climate (Gregory and Madison, 1981; Deberdt et al., 2008; 

90 Ndoumbè-Nkeng et al., 2009). Phytophthora megakarya has a short distance dispersal mechanism, 

91 mainly through rain-splashing (Gregory, 1974; Gregory et al., 1984; Ndoumbe-Nkeng et al., 2017; 

92 Ristaino. and Gumpertz, 2000; Ten Hoopen et al., 2010). Phytophthora spp. also need free water for 

93 propagule germination and infection and the influence of rainfall on temporal dynamics of BPD has 

94 been well documented (e.g. Deberdt et al., 2008; Ndoumbè-Nkeng et al., 2009). Yet little is known 

95 about how microclimatic conditions, such as temperature and relative humidity, influence spatial disease 

96 distribution. Long distance dispersion is also poorly documented. Insects, like ants and beetles as well 

97 as rodents and even birds can disseminate Phytophthora propagules (e.g. Evans, 1973; Gregory and 

98 Maddison, 1981; Gregory et al., 1984; Konam and Guest, 2004; Malewski et al., 2019). Humans through 

99 e.g. contaminated soil on shoes or pruning equipment, may also spread the pathogen (Tjosvold et al., 

100 2002). Unfortunately, many of these potential dispersal mechanisms have not (yet) been extensively 

101 studied and their relative importance in within-tree (vertical and especially upwards) and between trees 

102 (horizontal) dispersal of P. megakarya needs to be further elucidated.

103 Knowledge on dispersal mechanisms is essential to improve control of P. megakarya by 

104 providing the possibilities of preventing arrival and spread of disease. However, dispersal is difficult to 

105 measure in natural agro-systems (Bullock et al., 2006). Knowledge of spatial patterns allows to generate 

106 hypotheses on the underlying dispersal mechanisms that occur in the field (Dale, 1999). Moreover, 

107 spatial pattern analysis could provide quantitative information on population dynamics of pathogens and 

108 help with experimental design and sampling programs in epidemiological research (Campbell & 

109 Madden, 1990). Epidemics caused by Phytophthora species are often initially patchy in appearance. 
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110 This reflects the impact of environmental and genetic heterogeneity and Phytophthora population 

111 growth upon the processes of reproduction, dispersal, and mortality (Ristaino and Gumpertz, 2000). 

112 Few studies looked at spatiotemporal dynamics of BPD. Moreover, the few existing studies 

113 (Ndoumbe-Nkeng et al., 2017; Ten Hoopen et al., 2010) were carried out in cacao farms where P. 

114 megakarya was already well established. Since observed spatial patterns are often related to past 

115 processes that give rise to them, it is difficult in such plantations to hypothesise on some of the 

116 underlying processes, especially regarding primary infections and disease establishment. Studying 

117 spatial and temporal dynamics of BPD in farms initially devoid of endogenous inoculum can provide 

118 relevant information that could help to avoid arrival of P. megakarya inoculum and to halt disease spread 

119 once established. 

120 Therefore, the objective of this study was to gain information on dispersal mechanisms of P. 

121 megakarya as well as factors involved in disease establishment in newly planted cacao plots by 

122 describing: i) the spatial pattern of primary infections, ii) the spatial autocorrelation of such infections, 

123 and iii) their progression over time.

124

125 Materials and Methods

126 Description of experimental site

127 The study was carried out over the period 2009 to 2016 on three smallholder plots located in the Centre 

128 region of Cameroon. Plots were located in three villages: Bakoa, Kédia, and Ngat. All villages are in the 

129 bimodal rainforest agro-ecological zone, characterised by a relatively intense dry season from November 

130 to March, followed by a short wet season from March/April to May/June, a short dry season from June 

131 to August and a long wet season from August to November. The main cacao production cycle generally 

132 starts with flowering after the first rains in March/April (short wet season) and ends in 

133 November/December of the same year sometimes overflowing into January. Bakoa and Kédia are 

134 localised in the forest-savannah transitional zone at 4°34’N, 11°09’E, 450 masl and 4°29’N, 11°29’E, 

135 470 masl, respectively with mean temperatures ranging from 20 to 30 °C and rainfall of about 1100 mm 

136 per year. Vegetation is made up of gallery forest and grassland (Jagoret et al., 2012). Ngat is located in 

137 a typical forest zone at 3°46’N, 11°49’E, 700 masl and is more humid than the forest-savannah 

138 transitional zone. Mean temperature range from 20 to 25 °C and rainfall is about 1600 mm per year. The 

139 initial vegetation is forest, which is currently progressively being replaced by a more agricultural 

140 landscape.

141 The smallholder plots were installed in 2006 using cacao germplasm consisting of newly 

142 developed hybrids and farmer selected planting materials, which are to be assessed for their productivity 

143 and possibly disease resistance under farmer field conditions. Full-sib seedlings obtained through a 

144 single crossbreeding between parents with known resistance levels to P. megakarya or grafted clonal 

145 materials (mostly farmer selections or cacao varieties with known resistance to P. megakarya used as 

146 control, such as SNK10) were planted mainly in lines and separated from others by perennial companion 
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147 crops. For a list of the hybrids and farmer selected planting materials see e-Xtra 1. Cacao plots were 

148 installed on unshaded land (deforested areas or savannah) that had not harboured cacao trees for at least 

149 20 years. Cacao and companion trees were planted at the same time. For the first two to three years after 

150 planting, shade was provided by Musa spp. (banana and plantain) since the companion tree crops at the 

151 time of planting (2006) were of similar size as the cacao trees.

152 In Bakoa, two contiguous plots were selected, 57 x 72 m and 45 x 54 m (Fig. 1a), where a total 

153 of 594 cacao trees were intercropped with either coconut (Cocos nucifera) or African oil palm trees 

154 (Elaeis guineensis). These companion trees were planted at 12 x 7.5 m with three continuous lines of 

155 cacao trees spaced 3 x 3 m in between. These plots were surrounded by an old (>20 years), well managed 

156 agroforestry based cacao plantation where P. megakarya was already well established (Fig. 1A). 

157 Although the two Bakoa plots differed slightly in layout and were intercropped with different species, 

158 since they were contiguous, they were considered as one single plot with a total area of 117 x 57 m.

159 Two plots of 66 x 76 m and 48 x 69 m were selected respectively in Kédia and Ngat. A total of 

160 354 cacao trees were intercropped with African oil palm planted at 14 x 7.5 m in Kédia (Fig. 1B) while 

161 fruit trees (Citrus spp, Persea americana and Dacryodes edulis) were used in Ngat and planted at 6 x 12 

162 m with 352 cacao trees (Fig. 1C). The Kédia plot was surrounded at its southern site by a river, at its 

163 eastern side by an old cacao plantation (>15 years) and the other sides by newly established cacao farms 

164 (>5 years) (Fig. 1B). The Ngat plot was surrounded on three sides by densely overgrown abandoned 

165 cacao (>30 years) and on one side by annual crops which were later replaced by a similar cacao plot as 

166 the one studied. Fruit trees replaced a cacao tree whereas oil palm and coconut trees were planted on 

167 separate lines (Fig. 1C). The Kédia and Ngat plots were established on a slight slope (Figs. 1B and 1C). 

168 In all three locations, P. megakarya was present in the surrounding environment/cacao plantations at the 

169 moment of installation and throughout the observational period (2009-2016). 

170 It is important to note that this study was carried out on farmer fields. These cacao plantations 

171 represent a considerable farmers’ investment and contribute significantly to the livelihood of these 

172 farmers. Consequently, farm management decisions were primarily in the hands of the farmer, contrary 

173 to on-station trials. Even though farmers were willing to avoid as much as possible fungicide sprays in 

174 order to accommodate the research, in two cases they decided to apply fungicides. In Bakoa, a copper 

175 based fungicide (Kocide, a.i. copper-hydroxide), was applied preventively at least twice during the 2013 

176 production season. In Kédia, a single preventive treatment (a.i. copper hydroxide) took place after a 

177 flooding event in 2014.

178

179 Data collection

180 From June 2009 to December 2016, all cacao plots were closely monitored in order to detect P. 

181 megakarya infections. Assessment of disease severity by counting total number of healthy and infected 

182 pods per tree would have been very time consuming since each plot has >300 cacao trees. Thus 

183 observations focused on the presence or absence of cacao pods and disease incidence, i.e. the presence 
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184 (1) or absence (0) of infected pods on a tree. These observations were done by local observers once a 

185 week for each cacao tree. Unfortunately, due to logistical problems the data sets for 2012 for all three 

186 plots were incomplete and this year was excluded from the analyses. 

187 When a P. megakarya infection was present, rotten pod(s) was/were removed from the tree. 

188 This was done to eliminate as much as possible secondary inoculum which would allow a better 

189 understanding of the relative importance of primary inoculum on disease occurrence and spread. On a 

190 weekly or monthly basis, the total number of productive and/or diseased trees were generally too low to 

191 allow for meaningful temporal or spatial analyses. The data were therefore pooled on a yearly basis for 

192 analyses. At the end of each main production cycle (which coincides in general with calendar year) a 

193 status for each cacao tree was defined as follows (considering the whole production cycle) 1) “Non-

194 Productive” for trees with no cacao pods (or dead trees), 2) “Healthy” for trees harbouring only non-

195 infected pods and 3) “Infected” for trees harbouring at least one infected pod. This allowed us to 

196 visualize the distribution of P. megakarya infections in each plot per calendar year using the plantation 

197 layout maps (Fig. 1).

198 It is important to mention that in Cameroon, the only plant organs visibly affected by P. 

199 megakarya are the cacao pods, contrary to P. palmivora that causes not only pod rot but also cankers 

200 and leaf blight in cacao. Thus cacao trees change health status within and between years based on the 

201 presence or absence of healthy and rotten pods. 

202 In June 2009, before the appearance of any rotten pods, 20 soil samples, spread out evenly 

203 throughout the plots, were collected in Bakoa, 10 in Kédia and 10 in Ngat, to test for the presence of P. 

204 megakarya, according to the method described by Mfegue (2012) and Ndoungué et al. (2018). 

205 Subsequent soil sampling, from 2010 till the end of 2016, was done twice a year, once during the large 

206 dry season and once during the large wet season. Soil samples were taken throughout the whole 

207 plantation at the foot of trees that were classed either as “Healthy” or “Infected” the previous year. The 

208 number of samples varied per plot and between years, depending largely on the number of “Infected” 

209 trees in the year previous to the sampling year. Soil sample locations are given in Fig. 1. Three 

210 hypotheses were tested: 

211 H1 Pathogen presence in the soil in year t+1 is related to disease incidence in year t

212 H2 disease incidence in year t+1 is related to disease incidence in year t

213 H3 Pathogen presence in the soil in year t+1 is related to presence in the soil in year t 

214 The relationships between soil samples testing negative (0) or positive (1) for the presence of P. 

215 megakarya and cacao tree status, healthy (0) or infected (1) were analysed by calculating the odds ratio 

216 using two dimensional contingency tables. Because of low numbers expected in some cells of the 

217 contingency table, the one-sided Fisher Exact test (Agresti, 2007) was used. 

218

219 Spatial disease pattern and correlation 
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220 Spatial disease patterns were analysed using Ripley’s K(r) function which is increasingly being used in 

221 ecological and epidemiological studies (Gidoin et al., 2014; Jolles et al., 2002; Ngo Bieng et al., 2013; 

222 Oro et al., 2012; Solla and Camarero, 2006). Ripley’s function was shown to be appropriate for 

223 analysing point processes (Cressie, 1993) and was used to determine spatial distribution of “Infected” 

224 cacao trees at plot scale.

225 Ripley’s K(r) is a tool for analysing a completely mapped spatial point process, e.g. data on the 

226 location of events. K(r) describes the characteristics of the point processes over a range of scales. The 

227 function is K(r) = λ-1E, where E (r) = expected mean number of points within a distance r of a randomly 

228 chosen point and λ is the density (number of points i.e. infected trees per unit of area) on the studied 

229 plot. Since distance between “Infected” cacao trees and the number of points per unit area (λ) are used 

230 in the analysis, possible effects of the spatial layout of the plots are integrated in the results. 

231 For the Poisson process, which serves as a null hypothesis K(r) = πr², the spatial pattern is 

232 random. For an aggregated pattern, it is expected that points have on average more neighbours than for 

233 the null hypothesis, and thus K(r)> πr². Conversely, for a regular process the points would have on 

234 average fewer neighbours than for the null hypothesis, then K(r) <πr².

235 To facilitate interpretation, Besag (1977) defined a linearized modified K(r) function as 

236 , where L(r) = 0 at all distances r for random processes, L(r)> 0 for aggregated rrKrL 


)()(

237 processes and L(r) <0 for regular processes.

238 However, the above K and L functions underestimate the values of K(r) and L(r) because of 

239 the points located near the borders, which have fewer neighbours than other points in the study area 

240 (Goreaud, 2000). To avoid misinterpretation due to the border effect, it is advisable to use r-values 

241 corresponding to a quarter or half of the width of the study area (Goreaud, 2000). In this study, as the 

242 edge lengths of the plots were all comprised between 40 and 80 m, an r-value of 20 m was used. 

243 Here we were interested in the spatial structure of “Infected” cacao trees, and since cacao 

244 trees in this study were regularly distributed, they were considered as the reference population. The 

245 significance of the determined pattern was assessed through a comparison to a classic null hypothesis 

246 of complete spatial random distribution, following the Monte Carlo Method (Besag & Diggle 1977 in 

247 Goreaud, 2000; Landcaster & Downes, 2004). A confidence interval of L(r) at the 0.01 level for each of 

248 the three plots through 10 000 random permutations of healthy and infected trees was build. The analyses 

249 were performed by year when at least ten infected trees were present within a plot.

250 Join count statistics was used to characterise the relative location of infected cacao trees 

251 similarly to Bonnot et al. (2010) and Oro et al. (2012) in order to provide information on the 

252 directionality of infections. These statistics measure association by counting the number of pairs of trees 

253 separated by a given distance and orientation that are both diseased (D-D), the number of pairs of trees 

254 that are healthy (H-H), and the number of pairs in which one tree is diseased and one is not (D-H). These 
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255 counts can be performed following many spatial proximity patterns: within rows (vertically), across 

256 rows (horizontally), diagonally or a combination of these at different distances (Cliff and Ord, 1981; 

257 Reynolds and Madden, 1988). The observed number of joins is compared to the expected one under the 

258 null hypothesis of no spatial autocorrelation to determine whether the association is statistically 

259 significant. 

260 For each plot and each year with d infected cacao trees (D), the D-D join count statistic was 

261 calculated for each pair of infected cacao trees separated by a distance x across rows and y along the 

262 row. The null distribution under the hypothesis of no spatial autocorrelation was obtained by randomly 

263 assigning d diseased trees in the plot and calculating the D-D join count for each (x, y) class. This was 

264 done through 1000 permutations of observed data. For each field and year, a p-value was obtained for 

265 each (x, y) class by comparing the D-D statistic of the observed data to the corresponding null 

266 distribution. The set of all obtained p-values was used to build a 2D correlogram with -30 ≤x ≤30 and 

267 y ≤ 30 (negative values of y need not be plotted since the complete correlogram is symmetrical with 

268 respect to the origin because (x, y) and (y, x) correspond to the same class). The analysis does not assume 

269 that the rows are regularly spaced: irregularly spaced rows (e.g. in Kédia plot) produce irregularly spaced 

270 correlograms that represent correctly the distance classes.

271 Special attention was given to differences in vertical versus horizontal spatial autocorrelation 

272 for the Bakoa and Kédia plots, where cacao is intercropped with coconut or oil palm, this in order to see 

273 whether these crops and their spacing could provide a barrier to P. megakarya dispersal. 

274

275 Temporal disease dynamics

276 Since weekly disease incidence was low, temporal disease dynamics was considered at a yearly basis 

277 yet differentiation between infections due to primary or secondary inoculum was done using weekly 

278 data. Primary infections were defined as infections caused by primary inoculum from an environmental 

279 reservoir, such as the soil or e.g. the surrounding environment of the cacao plots. Secondary infections 

280 were defined as those infections that stem from infected pods within the cacao plot, producing secondary 

281 inoculum. At the individual tree level three hypotheses were tested: 

282 H4 - secondary infections in year t derive from primary infections in year t; 

283 H5 - the number of primary infections in year t+1 is determined by the number of infected trees in 

284 year t ; 

285 H6 - primary infections in year t+1 are generated by secondary infections in year t. 

286 Temporal disease dynamics was studied by looking at the relative importance of infections due to 

287 primary and secondary inoculum over years. Several assumptions were made to differentiate infections 

288 due to primary or secondary inoculum with reference to previous studies (Gregory and Maddison, 1981; 

289 Ndoumbè Nkeng et al., 2002; 2017; Ten Hoopen et al., 2010). Primary inoculum is responsible for the 

290 first infection in each year. Given the limited distance over which rain-splash dispersal occurs (Gregory 

291 et al., 1984; Gregory and Maddison, 1981; Ten Hoopen et al., 2010), at plot level all infections occurring 
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292 at distances of 6 m or more were also considered to be due to primary inoculum. At the level of the 

293 cacao tree, recurrent infections separated by more than two weeks were considered to be independent of 

294 the previous infection, given that the latent period is approximately 1 week (Akrofi, 2015; Bailey et al., 

295 2016). Any infection occurring within two weeks and at distances less than 6 m from previous infections, 

296 were considered to be due to secondary inoculum. Based on these assumptions, the number of primary 

297 and secondary infections was estimated for each year. The analysis was performed for individual plots 

298 as well as on data from all plots together using two dimensional contingency tables. The one-sided Fisher 

299 Exact test (Agresti, 2007) was used since it is adapted to rare events.

300 All analyses were carried out in R, version 3.3.1 software (R Core Team, 2013). The Ripley 

301 function was obtained using the ads package (Pélissier and Goreaud, 2010), the join count analysis was 

302 performed by programming, data from the soil samples and the temporal dynamics of primary and 

303 secondary inoculum was tested using the exact 2 x 2 package (Fay et al., 2018). 

304

305 Temperature and relative humidity

306 In order to see whether observed spatial patterns could be (partially) explained by intra-plot 

307 microclimatic variability, a total of 28 Tinytag plus 2 data loggers (TGP450, Gemini Data loggers, UK) 

308 were used to register temperature and relative humidity at different locations in each plot (13, 6, and 9 

309 data loggers in Bakoa, Kédia and Ngat, respectively). Calibration of data loggers was checked prior to 

310 their utilisation by comparing readings to a Vantage Pro 2 (Davis, CA, US) weather station. Although 

311 rainfall is a primary factor in P. megakarya dispersal and explains for a large part temporal patterns at 

312 plot scale (e.g. Deberdt et al., 2008, Ndoumbé-Nkeng et al., 2009), here, it was considered less important 

313 with regard to spatial patterns at plot scale. Moreover, rainfall measurements at microclimate scale 

314 (intra-plot differences in rainfall) were outside the scope of the project and rainfall was thus not recorded. 

315 The locations of the data-loggers were coded as follows: B1 to B13 for the Bakoa plot, K1 to 

316 K6 for the Kédia plot and N1 to N9 for the Ngat plot. Data-loggers were placed regularly throughout 

317 the plots in order to capture overall microclimatic variability (Fig. 1). Each data logger was placed in 

318 the canopy of a cacao tree approximately 2 m above ground level, which corresponded to the lower 

319 branches of the cacao tree canopy (cacao trees were approximately 4-5 m high). Data were registered 

320 every 30 minutes from 15 June to 30 November 2016, which corresponds to the large rainy season and 

321 generally the period where BPD is most prevalent. Data loggers B3 (Bakoa), N2 and N3 (Ngat) 

322 malfunctioned and their data were discarded. 

323 The microclimatic variables chosen for analysis for the period under observation were mean 

324 maximum daily temperature Tmax, given that P. megakarya has a relatively low optimum growth 

325 temperature for a tropical pathogen compared with for example P. palmivora (Puig et al. 2018); the 

326 mean time in hours per day (h.d-1) that temperature was above 30 °C, the temperature at which P. 

327 megakarya stops growth (Puig et al. 2018); mean daily minimum relative humidity (RHmin); and the 
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328 mean daily relative humidity amplitude (difference between daily max and min relative humidity) given 

329 that humidity is an important factor in BPD epidemics (Monteith and Butler 1979; Butler, 1980). 

330 The Kruskal-Wallis test and the Wilcoxon rank test were used to compare the distribution of 

331 Tmax, RHmin and their amplitudes, Tampl and RHampl, recorded at each point within the registered period. 

332 The same analysis was used to compare plots. This was done to see whether the micro-climatic 

333 conditions were similar within or between plots and if not, whether these differences could help explain 

334 observed spatial patterns of disease occurrence. 

335

336 Results

337 Phytophthora megakarya arrival and soil samples

338 All 2009 soil samples tested negative for the presence of P. megakarya. Plot layout maps illustrating 

339 spatial distributions of infections and the results from the soil sampling for each plot for each year are 

340 shown in Fig. 1. The arrival of BPD infections occurred at different times in the plots. First infections 

341 were observed at the end of 2009 in Ngat on two cacao trees (Fig. 1C), followed in 2010 by the plot in 

342 Bakoa where infections appeared on 12 trees (Fig. 1A). BPD was noted in 2011 in Kédia on 13 trees 

343 (Fig. 1B). After the appearance of first infections in each plot, subsequent disease spread differed when 

344 looking at the evolution of spatial distributions of infected trees over time.

345 The number and percentage of soil samples that tested positive for the presence of P. megakarya 

346 per plot and per year varied between plots and years. In Bakoa the first positive soil samples were found 

347 the same year the disease was first observed on cacao pods (Fig. 1A). In Kédia and Ngat the first positive 

348 soil samples were collected the year following the arrival of the disease (Fig. 1B, C).

349 Since the one-sided Fisher test used to determine associations between soil infestation and 

350 disease incidence showed similar results for individual plots (data not shown) compared with pooled 

351 data from all plots, only the results for pooled data are presented (Table 1). The analyses show that only 

352 in two cases 2013-14 and 2014-15, disease incidence was significantly linked to soil infestation the 

353 following year (Table 1, H1). Moreover, it showed that disease incidence in year t was significantly 

354 linked to disease incidence the following year (t+1) (Table 1, H2) and that soil infestation was only 

355 significantly linked to soil infestation the following year for the final years of observation, 2015-2016 

356 (Table 1, H3). 

357

358 Spatial disease pattern and correlation 

359 For the Bakoa plot (Fig. 2a), in 2010, L(r) values did not exceed the confidence interval, therefore we 

360 could not reject the null hypothesis of complete spatial randomness of infected trees. From 2011 to 2016, 

361 Bakoa showed significant positive L(r) values for r > 5 m (Fig. 2A), spatial disease patterns were thus 

362 aggregated these 5 years. When looking at the distribution of infected trees over time (Fig. 1A), it 

363 becomes apparent that the locations of the clusters of infected trees varied between years. In other words, 

364 there were no clusters of infected trees that were consistently located at similar positions over time.
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365 In Kédia, from the appearance of infections in 2011 until 2016, all L(r) function curves 

366 displayed significant positive values meaning that the observed disease patterns were aggregated (Fig. 

367 2B). In 2011 and 2013 most infections were localised in the Eastern part of the plot, close to the river 

368 (Fig. 1B). In 2014, the flooding event caused a more even distribution of infections throughout the lower 

369 part of the plot (the part actually inundated, closest to the river). It is interesting to mention that up till 

370 the flooding event most infections (n=13) were localised in the Eastern part of the plot, as in 2011 and 

371 2013 (data not shown). Moreover, it is important to mention that the river flows from East to South. In 

372 2015 and 2016, infected trees were localised in the South east of the plot, slightly more towards the 

373 south when compared with previous years (Fig. 1B).

374 In Ngat, for those years that the analysis was possible (more than 10 infected trees) the disease 

375 pattern was always aggregated (Fig. 2C). Apart from 2009, all infections were located towards the 

376 Eastern part of plot whereas in 2016 an additional cluster was observed in the southern part (Fig. 1C).

377 Generally, aggregated patterns of infected trees were observed (Fig. 2). Although the 

378 distribution of infected tree clusters varied slightly between years, especially in Bakoa, there was a 

379 consistency in location of certain clusters of infected trees. This consistency was most pronounced in 

380 Kédia and Ngat.

381 For the results of the join count statistic, only those positive spatial autocorrelations (PSA) 

382 attached to the core cluster, in the centre of the correlogram, were of interest. PSA not attached to the 

383 core cluster are rare events, unlikely to occur. Significant positive PSA were found in all plots for most 

384 years. No negative PSA were found. Core cluster size ranged from 3-18 meters, yet was on average 3-9 

385 m (Fig. 3). Cluster size generally increased over time (Fig. 3). In Bakoa the direction of the PSA was on 

386 the x-axis in 2010 and slightly more on the y-axis from 2011 to 2016, meaning that a PSA was more 

387 evident within rows than across rows (Fig. 3a).

388 PSA were also detected for all years in Kédia with a slightly more vertical aspect (along the y-

389 axis) than horizontal (along the x-axis) except for 2015 and 2016 (Fig. 3B). Since in Kédia the slope of 

390 the plot is upwards away from the river (Fig. 1B), this vertical aspect can not be explained by dispersal 

391 through run-off water which was directed towards the river (river and run-off water tested positive for 

392 the presence of P. megakarya, data not shown). For Ngat, no correlation was found in 2009. From 2010 

393 to 2016, significant PSA were detected. A more vertical (along the y-axis) distribution of PSA was found 

394 in 2010 and from 2013-2015, a more horizontal (along the x-axis) distribution was observed in 2011 

395 and 2016 (Fig. 3C). Contrary to Kédia, in Ngat this more vertical distribution is likely linked to run-off 

396 water along the slope of the plot from south to north (Fig. 1C). 

397

398 Temporal disease evolution

399 When looking at the evolution of the number of infected trees over time, in Bakoa and Kédia numbers 

400 fluctuated whereas in Ngat it generally increased (Fig. 4). In Bakoa, after the first 12 diseased trees 

401 observed in 2010, the number of diseased trees varied from 19 in 2011 to 89 (highest) in 2013. In Kédia, 
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402 the number of infected trees fluctuated around 25 from 2011 to 2016, except in 2014 when it reached 

403 137. Actually, in 2014 until 4 November, 13 infected trees were observed, then, after heavy rainfall led 

404 to flooding up to 36 m from the river into the plot, the number of infected trees increased to 67 and 

405 finally to 137 at the end of 2014. In Ngat, two diseased trees were observed in 2009 and 2010. This 

406 number gradually increased to 15 in 2011 and finally 38 in 2016 (Fig. 4).

407 Temporal representation of primary and secondary infections (Fig. 5) show that BPD was most 

408 predominant during the large wet season of each year (September to November). Primary inoculum 

409 initiates not only epidemics but continues to induce infections throughout the year (Fig 5). However, in 

410 most instances towards the end of the production season, secondary infections become more prevalent. 

411 This is especially clear in Bakoa for the years 2011-2016 (Fig 5A), for the Kédia plot in years 2013 and 

412 2016 (Fig. 5B) and Ngat (Fig. 5C) in 2011, 2014 and 2016. Interestingly, in Kédia and Ngat in 2015 

413 (Figs 5B and C, respectively) basically all infections were considered primary infections.

414 Since the one-sided Fisher test used to determine associations between primary and secondary 

415 infections at the individual tree level, showed similar results for individual plots (data not shown) 

416 compared with pooled data from all plots, only the results for pooled data are presented (Table 2). The 

417 analyses show that at the level of the individual tree, most secondary infections were derived from 

418 primary ones and few from non-primary infections (Table 2, H4). Moreover, it showed that primary 

419 infections in year t+1 were significantly linked to the infected trees of the previous year (t) (Table 2, 

420 H5) and mainly to those with secondary infections (Table 2, H6) in that year (t). 

421

422 Temperature and relative humidity

423 When looking at the microclimatic variables, significant difference (P<0.0001) was observed between 

424 plots (Table 3). Mean daily time (in hours day-1) that temperature was > 30 °C, shows that Kédia was 

425 the hottest locality (with 5.5 hour.day-1), followed by Bakoa (4.5 hour.day-1) and Ngat the coolest one 

426 with absence of temperatures exceeding 30°C during the period of data collection. 

427 For all microclimate variables, significant differences between microclimate measuring points 

428 were observed in all plots (Table 3). In Bakoa T>30, Tmax and Tampl were lower in B6, B7 and B9 compared 

429 with the other points while in point B7 a high RHmax with small RHampl was registered (84.1 % with 14.9 

430 %). Interestingly, locations B7 and B9 showed recurrent infections. However, a high number of infected 

431 trees was observed in 2013 at location B6. In Kédia, the coolest location was K4 located in the main 

432 infection area. The average values obtained were respectively 3.5 hour.day-1, 31.8°C and 11.6°C for 

433 T>30, Tmax and Tampl, and 63.0% and 37.6% for RHmin and RHampl. In Ngat, when compared with the other 

434 plots, relatively low T>30, and Tmax. were observed. The coolest point of the plot was N1 with no 

435 temperature above 30°C (T>30 = 0), Tmax and Tampl were 26.5°C and 6.9°C and RHmin and RHampl, were 

436 68.7% and 29.9%, respectively. Although location N1displayed the most optimal microclimatic 

437 conditions for BPD, it was located at the opposite site of the main disease area.
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438 Discussion

439 The aim of this study was to describe spatial and temporal dynamics of P. megakarya infections in newly 

440 established cacao plantations and to test six hypotheses on the processes involved in P. megakarya 

441 dispersal and establishment. Since all soil samples collected in all plots before the arrival of first 

442 infections tested negative for the presence of P. megakarya, inoculum responsible for the first infections 

443 (2009 Ngat, 2010 Bakoa, 2011 Kédia) was of exogenous origin. In the surrounding environment of all 

444 three plots, “old” cacao affected by P. megakarya was present and thus very likely at the origin of these 

445 first infections.

446 Looking at the spatial patterns and correlations of infected trees in the three plots for the years when 

447 first infections were observed, random, aggregated or undetermined pattern of infections and few or no 

448 PSA were found. Over time, all infection patterns became aggregated and more PSA were detected, with 

449 mean core clusters of 3-9 meters. PSA are governed by 1) dispersal and/or 2) the environment (Koenig, 

450 1999). Given the short natural dispersal distance mechanism due to rain-splashing of P. megakarya 

451 (Gregory & Madison, 1981), and the weekly removal of infected pods, which limits secondary infections 

452 (Nembot et al., 2018) this explains the small core cluster size. These results do indicate however, given 

453 the aggregated patterns and PSA, that disease spread is step by step to neighbours of infected trees. This 

454 spatial pattern of BPD has also been observed in relatively old infected cacao plantations (Mfegue, 2012; 

455 Ndoumbè-Nkeng et al., 2017; Ten Hoopen et al., 2010). 

456 The intra-plot environment, especially the presence of coconut and oil palm trees in Bakoa and 

457 Kédia and the presence of a slope in Kédia and Ngat seemed to influence the direction of PSA. Given 

458 that the palm trees were planted on separate lines, this increases the distance over which dispersal of 

459 secondary inoculum should take place between cacao trees on opposite sides of the palm trees, thereby 

460 presenting a barrier to horizontal intra-plot dispersal. The presence of a slope facilitates dispersal 

461 through run-off water. In the case of Ngat this led to an increase in infections along the slope, whereas 

462 in the case of Kédia, it did not, since the slope went upwards from the area with most infections.

463 It was expected that over time, an increase in infected trees would lead to larger areas of 

464 contiguous infected trees leading to PSA clusters of larger size. This however, was not the case for 

465 Bakoa, whereas this seemed to occur, albeit on a limited scale, in Kédia and Ngat. The question therefore 

466 is, why did the number of infected trees remain relatively low and did not continuously increase over 

467 time as expected? Although variability in annual rainfall distribution and quantity could explain 

468 differences in number of infected trees between years, as the flooding event in 2014 clearly 

469 demonstrates, it does not explain why the number of infected trees remained relatively low in all three 

470 plots. Two potential explanations come to mind, weekly phytosanitation and fungicide treatments, the 

471 latter being a factor to take into careful consideration when interpreting the results. In Bakoa (in 2013) 

472 and Kédia (in 2014), fungicides were sprayed on a preventive basis. In both cases, the subsequent year 

473 showed a decrease in total number of infected trees. In the case of Kédia this decrease was quite 

474 substantial. Yet, in well-established infected cacao plantations, phytosanitation and fungicide spraying 
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475 do not normally cause such a drastic reduction in black pod rot as observed here. Weekly phytosanitation 

476 is insufficient to eliminate secondary inoculum production completely (Ndoumbé Nkeng et al. 2004; 

477 Nembot et al., 2018; Opoku et al. 2007). Ndoumbé Nkeng et al. (2004) even found higher pod rot levels 

478 after rigorous phytosanitation efforts the year before. Moreover, the fungicide used here, a copper based 

479 contact fungicide, was applied only once in Kédia and twice in Bakoa. The fungicide leaches off in two 

480 to three weeks, after which it does not continue to exert control. 

481 It thus seems that in this case, when the disease is not yet well established, phytosanitation (and 

482 possibly fungicide treatments) might be more effective compared with conditions where the disease is 

483 already well established. The reason for this lies within the soil. Rotten pods produce secondary 

484 inoculum that through a leaching process reaches the ground and, through a poorly understood process, 

485 is incorporated into a soil inoculum reservoir, which is the principal source of infections besides 

486 sporulating pods (Gregory et al., 1984). From there it can re-infect cacao pods. Phytosanitation and 

487 fungicide sprays reduce the amount of secondary inoculum produced and thus its incorporation into a 

488 soil inoculum reservoir. Whereas in older plantations soil inoculum is ubiquitous and thus provides a 

489 continuous endogenous source of inoculum even when phytosanitation occurs, in newly planted 

490 plantations as here, this inoculum reservoir has to build up. 

491 This idea is further supported by the finding that only in one case (2015-2016) a significantly 

492 link for soil infestations between years was found. This idea is also supported by data from Ndoungué 

493 et al. (2018) which showed that in a plantation >20 years old, where P. megakarya was already well 

494 established, out of 18 soil samples, 16 (>88%) tested positive for P. megakarya. Since in the Ndoungué 

495 et al. (2018) study for each sample (n=18) three subsamples were taken to check for the presence of P. 

496 megakarya, it could be argued that this would lead to an overestimation compared with this study. 

497 However, when looking at the number of subsamples (3 x 18, n=54), 32 (> 59%) of these tested positive 

498 for P. megakarya. In this study, out of 1479 soil samples, only 173 (11.7%) tested positive for P. 

499 megakarya. Even when only looking at soil samples taken at the foot of trees that actually had BPD the 

500 year before, out of 556 samples, only 120 (21.6%) tested positive for P. megakarya (see e-Xtra 2). 

501 When disease incidence is low, farmers normally do not rigorously control BPD by 

502 phytosanitation or fungicide spraying. It thus seems that the rigorous phytosanitation employed in this 

503 study, prevented the build-up of a soil inoculum reservoir explaining the slow disease progression. 

504 In Ngat, despite the relatively more favourable microclimatic conditions for BPD spread and 

505 the absence of fungicide applications, there was also a relatively low number of diseased trees. Besides 

506 phytosanitation, this could also be explained by the very low productivity of this plot, with a relatively 

507 high number of unproductive trees. Whereas productivity was >1 kg of dry cocoa beans per cacao tree 

508 in Bakoa and Kédia, it was less than 0.2 kg in Ngat (based on data from 2013-2017; O. Sounigo, pers, 

509 comm). The low productivity and relatively high number of non-productive trees in Ngat is due to the 

510 impact of a cacao mirid (Sahlbergella singularis) on production capacity of cacao trees. A study on 

511 mirid distribution and their damages in 2009 and 2010 in six cacao plots showed that density and damage 
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512 was high in the Ngat plot compared to other studied plots (Mahob et al., 2015). Beilhe et al., (2017) 

513 showed that losses due to mirid attacks are not limited to pod damage but impact negatively on the 

514 productive capacity of trees. Fewer pods means fewer host organs for P. megakarya to infect.

515 Rainfall is a prime explanatory variable for temporal patterns of infections and is linked to the number 

516 of infected trees within a plot (Deberdt et al., 2008, Ndoumbé-Nkeng et al., 2009, 2017). However, 

517 overall rainfall data does not explain spatial variability within plots. The microclimatic environment 

518 influences establishment and spatial distribution of the disease in the plots. Although the available data 

519 presented here prevents us from establishing definitive causal relationships with disease distribution, 

520 indications of the impact of micro-climate on disease distribution were found. Naturally, the savannah 

521 environment (in Bakoa and Kédia) presents a less conducive environment for black pod rot disease 

522 development than the forest environment (Ngat). Interestingly, P. megakarya being a tropical pathogen, 

523 it actually has a relatively low temperature optimum, between 23-26 °C (and no growth above 30 °C) 

524 (Brasier and Griffin, 1979; Puig et al., 2018), conditions which are clearly more often observed in the 

525 forest than the savannah environment. Despite the fact that mean maximum temperature in the savannah 

526 plots was over 30°C, corresponding to the threshold at which P. megakarya starts losing its viability in 

527 vitro (Puig et al., 2018), the occurrence of disease took place. Although it is unlikely that lethal 

528 temperatures are maintained in cacao fields for sufficient duration of time to eliminate P. megakarya, 

529 temperatures of 30 °C or more, which reduces P. megakarya growth, are more common in the unshaded 

530 versus shaded conditions and in savannah versus the forest plots, which could explain intra- and inter-

531 plots differences in occurrences. However, it is important to note that temperature is influenced by other 

532 meteorological factors such as wind speed, vegetation and topography. Similarly, humidity is influenced 

533 by plot structural and topographical features. Medeiros (1967) showed that shaded plantations in humid 

534 areas such as river valleys appear to be more prone to disease than well ventilated plantations in 

535 neighbouring areas receiving similar rainfall.

536 When comparing between years, the location of infection clusters was most consistent in Kédia 

537 and Ngat, and the location of infection clusters was more variable in Bakoa. When looking at the - data 

538 for the Bakoa plot, there did not seem to be a particular area which was consistently infected. This is 

539 also reflected in the micro-climate data which did not show any part of the plot having optimal micro-

540 climatic conditions for P. megakarya development. In Kédia, microclimate was most conducive for 

541 disease development in the eastern part of the plot where infections were consistently observed. This is 

542 not surprising given the relative favourable environment provided by the river and the shade provided 

543 by the tree border alongside the river bank. Finally, in Ngat microclimate was generally more conducive 

544 to P. megakarya development, compared with the other two plots, and intra-plot differences were less 

545 pronounced. However, infections were mostly located in the eastern part of the plot. This part of plot 

546 receives more shade in the morning compared to other parts of the plot. This could induce dew to remain 

547 on pods after sunrise for a more extended amount of time, facilitating the germination of spores of P. 
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548 megakarya. Monteith & Butler (1979) showed that persistent dew on the pod surface for up to 3 hours 

549 after sunrise are ideal conditions for BPD development. 

550 Temporal dynamics of primary and secondary infections revealed that secondary infections 

551 were most often derived from primary ones than from other infections. Since this result was obtained at 

552 the individual tree level, it indicates that there was more within than between trees dispersal. Moreover, 

553 most infected trees generated secondary or primary inoculum that contributed to them being infected 

554 within the same or the following year. The lack of increase of the total number of infected trees over 

555 time is thus because secondary inoculum mainly causes self-infection but fails to disperse between trees. 

556 This supports the hypothesis emitted by Ten Hoopen et al. (2010) who stated that primary inoculum is 

557 the main determinant for the spatial development of an epidemic at the plantation level and that 

558 secondary inoculum is mainly responsible for the within-tree temporal development of an epidemic. 

559 However, given the weekly removal of diseased pods, care has to be taken comparing this to situations 

560 where secondary inoculum is abundant.  

561 The results also indicate that primary inoculum does not only initiate the epidemic but continues 

562 to induce infections throughout the year(s). The exact Fisher test performed for individual plots (data 

563 not shown) and the combined data from all plots confirmed this hypothesis and these results are in line 

564 with Nembot et al. (2018) who also demonstrate the importance of primary inoculum in P. megakarya 

565 disease epidemics. Moreover, in all plots and throughout the years, primary infections occur at distances 

566 of over 6 meters from any given potential inoculum source. This indicates that long range dispersal plays 

567 an important role, at least in the early years, in epidemics. 

568 Studying population dynamics of P. megakarya can help to detect the introduction of exogenous 

569 inoculum and could provide information on the origins of exogenous inoculum. Interestingly, the 

570 flooding event that occurred in 2014 in Kédia caused a large increase in number of infected trees, most 

571 of these located in the lower part of the plot that was actually flooded (up to 36 m into the plot). Since 

572 there were infected pods prior to the flooding event, the question remains whether the flooding caused 

573 endogenous inoculum to be dispersed, whether exogenous inoculum was brought in by the river (river 

574 water tested positive for the presence of P. megakarya, data not shown), or both. Interestingly, water 

575 samples from the river before the flooding tested positive for P. megakarya (data not shown) and thus 

576 the flooding event more than likely introduced exogenous inoculum. It is known that many 

577 Phytophthora spp such as P. ramorum, P. x alni, and P. parasitica are dispersed by streams & rivers 

578 (Jung & Blaschke, 2004; Neher & Duniway, 1992; Themann et al., 2002) yet to our knowledge this is 

579 the first time this is also shown to be true for P. megakarya. It is important to note that the flooding 

580 event in Kédia in 2014, actually brought into play a second dispersal mechanism, besides rain-splash, 

581 and the assumptions made to distinguish between primary and secondary infections where thus not valid 

582 anymore as of the date of the flooding event. Eliminating these data from the Fisher exact test did not 

583 however, change the outcome of the results, showing that the observed effects are robust.
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584 This flooding event demonstrates one of the mechanisms for long range dispersal. Other long 

585 range dispersal mechanisms include e.g. ants. Although the role of ants in establishing BPD infections 

586 has been determined (Evans, 1973; Gregory et al., 1984; Ngwohgi, 2015) the distance over which they 

587 might transport inoculum (horizontally and vertically) remains unclear. Finally, the possibility of 

588 human, rodent, flying insect or even bird mediated transport of inoculum should not be neglected either 

589 (Tjosvold et al., 2002; Konam and Guest, 2004; Malewski et al., 2019) and merits further attention. The 

590 continued presence of a disease cluster as of 2010 in the Ngat plot next to a footpath through the plot 

591 might present a clue as to the importance of human mediated dispersal. 

592 More efficient means to detect and quantify (soil-borne) inoculum of P. megakarya will also go 

593 a long way to help elucidate the factors that govern BPD epidemics in cacao. Based on our observations 

594 some infection cluster appeared and disappeared over time thus we believe there is a steady influx of 

595 exogenous inoculum throughout the years. Yet in the observed plantations, in spite of this steady influx, 

596 P. megakarya seemed to have difficulty establishing itself. This seems to be somewhat contradictory in 

597 light of the multiple possibilities that P. megakarya has to survive in cacao plantations. Phytophthora 

598 megakarya can survive up to 18 months in the soil (Ward and Griffin, 1981). Several intercropped 

599 species (Elaeis guineensis, Persea Americana) and Musa spp. (present during the first 2-3 years after 

600 plot installation in 2006) were identified as “alternative” hosts for P. megakarya (Akrofi et al., 2015) 

601 yet here no contribution to BPD establishment and dispersal was observed. On the contrary, C. nucifera 

602 and E. guineensis seem to act as a barrier in Bakoa as supported by a PSA mainly present within 

603 columns. Moreover, claims that P. megakarya can survive and remain viable for many months in bark, 

604 wood, and plant debris and readily cause cankers (Akrofi, 2015; Appiah et al., 2004) have to be 

605 interpreted somewhat cautiously. Ali et al (2016) e.g. showed that out of a sample of 39 Phytophthora 

606 isolates collected in Ghana between 1993 and 2012, identified as P. megakarya, 38 were actually P. 

607 palmivora. Yet, the idea that P. megakarya survives elsewhere than the soil cannot be discarded either 

608 given the high level of intra-tree dispersal, the significant link for within tree disease incidence between 

609 subsequent years and low presence in the soil. The findings here do however, clearly indicate the 

610 difficulty of P. megakarya establishment in the studied plots. 

611 In summary, the results indicate that in new plantings primary inoculum plays a more important 

612 role than previously thought in disease epidemics. That being so, more attention should be focused on 

613 management of primary inoculum. By rigorous phytosanitation, as soon as first infections are observed, 

614 disease progress over years can be slowed and the build-up of a soil inoculum reservoir limited. By 

615 slowing the build-up of the inoculum reservoir, phytosanitation in young cacao plantations actually 

616 seems to be more effective as a preventative measure compared with phytosanitation in plantations 

617 where a substantial inoculum reservoir exists. Such a practice would reduce the need for fungicide 

618 applications. However, this means altering the mind-set of farmers since they generally start 

619 phytosanitation only when the disease surpasses a certain threshold, often providing the pathogen with 

620 ample time to build an inoculum reservoir. Accompanying measures to further limit the establishment 
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621 of an inoculum reservoir such as e.g. soil applications with biocontrol agents could provide additional 

622 means to limit disease progression. 

623 Since the disease had difficulty establishing itself in the studied plots, it was the surrounding 

624 environment that provided a steady source of exogenous inoculum. Consequently, efforts should be 

625 made to limit primary inoculum of P. megakarya arrival by maintaining sufficient distance or using 

626 other plant species as barriers when creating new cacao plantations. Such a strategy is also envisioned 

627 in Côte d’Ivoire and Ghana to limit the impact of CSSV disease and would thus have the added benefit 

628 of limiting BPD. Furthermore, as proven by the flooding event, flood prone areas should be avoided as 

629 rivers can transport P. megakarya propagules. Nonetheless, the presence of river near a cacao plantation 

630 could be beneficial for irrigation and serves as a water source for e.g. pesticide applications. This study 

631 is a first on how newly established cacao cropping systems become infected with P. megakarya. 

632 Complementary studies are needed for further clarification on the mechanisms for long range (> 6 m) 

633 dispersal, the identification of inoculum entry pathways and the processes and factors that govern within 

634 tree dispersal in order to improve management strategies of BPD.
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831 Table 1: Odds ratio, lower limit of confidence interval (inf. CI) and P-value of one-sided Fisher exact 
832 test for three hypotheses about the relationship between disease incidence and soil infections of P. 
833 megakarya in cacao. 

Transition year Odds ratio Inf. CI P-value

H1:Disease incidence in year t related to soil infection in year t+1

2013-2014 0.44 0.20 0.043

2014-2015 0.38 0.16 0.015

2015-2016 0.54 0.24 0.133

H2: Disease incidence in year t related to disease incidence in year t+1

2013-2014 3.34 2.22 <0.001

2014-2015 3.11 1.90 <0.001

2015-2016 5.46 3.07 <0.001

H3: Soil infection in year t related to soil infection in year t+1.

2013-2014 2.30 0.42 0.364

2014-2015 1.79 0.46 0.465

2015-2016 13.77 4.36 <0.001

834

835

836
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837 Table 2: Odds ratio, lower limit of confidence interval (inf. CI) and P-value of one-sided Fisher exact 

838 test for three hypotheses about the relationship between primary and secondary infections of P. 

839 megakarya in cacao

Year/Transition year Odds ratio Inf. CI P-value

H4: More secondary infections in year t derive from primary infections in year t

2011 239.19 101.02 <0.001

2013 194.23 98.80 <0.001

2014 23.81 16.58 <0.001

2015 374.73 168.91 <0.001

2016 83.34 47.98 <0.001

H5: Higher number of infected trees in year t leads to higher number of primary infections in year t+1

2013-2014 3.75 2.52 <0.001

2014-2015 4.65 2.98 <0.001

2015-2016 7.37 4.26 <0.001

H6: More secondary infections in year t generate more primary infections in year t+1.

2013-2014 4.02 2.68 <0.001

2014-2015 4.38 2.71 <0.001

2015-2016 6.28 3.30 <0.001

840

841
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842 Table 3: Mean maximum temperature (Tmax, °C), mean daily temperature amplitude (Tampl, °C), mean 

843 time per day T> 30°C (T>30°C, hour.day-1), Mean Minimum relative humidity (RHmin, %) and mean daily 

844 RH amplitude (RHampl, %) for each plot in different locations 

Plot ID loggers Tmax °C * Tampl °C T>30°C RHmin % RHampl %

B1 32.3b 11.0ab 4.0ab 63.8ab 40.6c

B2 31.4ab 10.0ab 3.5ab 66.3b 34.1b

B4 33.4b 12.4b 4.5b 62.8ab 37.2b

B5 33.0b 11.7ab 3.9ab 60.4ab 39.6c

B6 29.8a 8.8a 3.0a 70.1b 35.3b

B7 29.8a 8.6a 2.6a 40.8a 59.2d

B8 31.8ab 10.7ab 3.9ab 63.1ab 36.8b

B9 29.6a 8.7a 3.1a 68.5b 31.5b

B10 34.7c 13.6b 4.9b 54.9ab 44.5c

B11 31.3ab 9.1a 3.7ab 84.1c 14.9a

B12 33.1b 12.1b 3.8ab 38.3a 61.6d

Bakoa1

B13 32.4b 11.3ab 4.1ab 62.5ab 38.0b

K1 35.9c 15.2c 5.5ab 55.5c 43.6ab

K2 33.7b 13.2b 7.6b 46.3b 53.7b

K3 34.2bc 13.9b 5.1ab 47.6b 52.0b

K4 31.8a 11.6a 3.5a 63.0d 37.6a

K5 35.9c 15.6c 4.9ab 39.9a 59.8c

Kédia

K6 34.8bc 14.5bc 5.2ab 59.0c 40.9a

N1 26.5a 6.95a 0.0a 68.7bc 29.9b

N4 28.7b 8.61b 2.0b 71.6c 28.2ab

N5 29.9bc 10.48c 1.9b 50.4a 49.6c

N6 29.7bc 10.19c 2.0b 68.8bc 31.0b

N7 29.9bc 10.21c 2.3b 57.6a 42.3c

N8 31.6c 11.63d 2.6b 63.5b 36.7bc

Ngat

N9 29.5bc 10.03c 1.8b 76.3c 23.7a

Mean Bakoa** - 31.9y 10.6y 3.8y 61.4y 39.4y

Mean Kédia - 34.4z 14.0z 4.7z 51.9x 47.9z

Mean Ngat - 29x 9.3x 1.8x 66.4z 32.8x

845 *Values in the same column followed by the same letter are not statistically different from other values 

846 in the same plot (Kruskal-Wallis and Wilcoxon rank test at P=0.05). 

847 **Mean values per plot, values in the same column followed by the same letter are not statistically 

848 different between plots (Kruskal-Wallis and Wilcoxon rank test at P=0.05). 
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849 Figure legends

850 Figure 1: Plot layouts and their neighbouring environments as established in 2009 and locations of 

851 Tinytag temperature and relative humidity data loggers in 2016 (black squares) (top of the figures). 

852 Subsequent plot layouts show the spatial distribution of the three cacao health statuses starting from the 

853 year first infections were observed for Bakoa, from 2011 to 2016, where cacao is interspersed with lanes 

854 containing oil palm (to the left) and coconut (to the right), Kédia, from 2010 to 2016, where cacao is 

855 interspersed with oil palm trees and Ngat, from 2009 to 2016, where certain cacao trees are replaced 

856 with fruit trees (f). Slope direction is indicated from top to bottom by the arrow on the right. The orange 

857 line in Ngat scheme, marks a well traversed footpath. 

858 Legend: each square corresponds to a cacao tree with as status either “Healthy” (grey), “Infected” 

859 (black), or “Non-Productive” (light grey). White areas correspond to areas where no cacao was grown 

860 either because of the interspersed oil palm (Bakoa and Kédia), coconut (Bakoa) or fruit trees (Ngat 

861 NGA) or because of the presence of other crops. Locations with a horizontal bar depict soil sample 

862 locations testing negative, and triangles depict soil sample locations testing positive for the presence of 

863 P. megakarya. 

864 Figure 2: Ripley function L(r) for “Infected” cacao trees for Bakoa from 2013 to 2016, Kédia from 

865 2011 to 2016 and Ngat from 2011 to 2016. 

866 Solid line = observed values; dashed lines = 0.99 confidence interval under the hypothesis of complete 

867 spatial randomness obtained through simulation of 10 000 L(r) curves using the Monte Carlo method.

868 Figure 3: Correlograms showing the results (in p-values) of the join count statistics analysis between 

869 “Infected” cacao trees for Bakoa from 2010-2016, Kédia from 2011-2016 and Ngat from 2009 to 2016. 

870 Correlograms are symmetrical with respect to the origin.

871 Figure 4: Total number of infected cacao trees per year, per plot.

872 Figure 5: Temporal dynamics of primary and secondary infections over time in Bakoa from 2010-2016, 

873 Kédia from 2011-2016 and Ngat from 2011-2016. For all plots year 2012 is absent since data is 

874 incomplete for this year. 

875

876 Solid line= primary infections, dashed line= secondary infections

877 Horizontal lines at the top of the graph depict the dry and the wet  seasons. 

878
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Figure 1: Plot layouts and their neighbouring environments as established in 2009 and locations of Tinytag 

temperature and relative humidity data loggers in 2016 (black squares) (top of the figures). Subsequent plot layouts 

show the spatial distribution of the three cacao health statuses starting from the year first infections were observed for 

Bakoa, from 2011 to 2016, where cacao is interspersed with lanes containing oil palm (to the left) and coconut (to the 

right), Kédia, from 2010 to 2016, where cacao is interspersed with oil palm trees and Ngat, from 2009 to 2016, where 

certain cacao trees are replaced with fruit trees (f). Slope direction is indicated from top to bottom by the arrow on the 

right. The orange line in Ngat scheme, marks a well traversed footpath. 

Legend: each square corresponds to a cacao tree with as status either “Healthy” (grey), “Infected” (black), or “Non-

Productive” (light grey). White areas correspond to areas where no cacao was grown either because of the interspersed 

oil palm (Bakoa and Kédia), coconut (Bakoa) or fruit trees (Ngat) or because of the presence of other crops. Locations 

with a horizontal bar depict soil sample locations testing negative, and triangles depict soil sample locations testing 

positive for the presence of P. megakarya.

Page 31 of 38



Figure 2: Ripley function L(r) for “Infected” cacao trees for Bakoa from 2013 to 2016, Kédia from 

2011 to 2016 and Ngat from 2011 to 2016. 

Solid line = observed values; dashed lines = 0.99 confidence interval under the hypothesis of complete 

spatial randomness obtained through simulation of 10 000 L(r) curves using the Monte Carlo method.
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Figure 3: Correlograms showing the results (in p-values) of the join count statistics analysis between “Infected” cacao 

trees for Bakoa from 2010-2016, Kédia from 2011-2016 and Ngat from 2009 to 2016. Correlograms are symmetrical 

with respect to the origin.
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Figure 4: Total number of infected cacao trees per year, per plot.
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Figure 5: Temporal dynamics of primary and secondary infections over time in Bakoa from 2010-2016, 

Kédia from 2011-2016 and Ngat from 2011-2016. For all plots year 2012 is absent since data is 

incomplete for this year. 

Solid line= primary infections, dashed line= secondary infections

Horizontal lines at the top of the graph depict the dry and the wet  seasons. 
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Table e-Xtra 1: List of planting materials present in the three smallholder cocoa plots

Type of 
planting 
material

Bakoa Kédia Ngat

T 79/501 × SNK 413 IMC67 × SNK109 IMC 67 × SNK 109
PA 107 × M A12 IMC 67 × SNK 64 IMC 67 × SNK 64

UPA 143 × SNK 413 SCA12 × SNK 16+REC SNK 109 × T 79/501
SNK 619 × GU 255/V T 79/501 × SNK 64 T 79/501 × SNK 109

SNK 608 × PA 70 UPA 143 × SNK 64 UPA 143 × SNK 64
UPA 143 × SNK 64 PA 107 × SNK 614 PA 107 × MO 20

AMAZ 15/15 × SNK 413 SNK 625 × NA 33
T 79/501 × SNK 64 BBK 1418 × MO 20
T 60/887 × SNK 64
IMC 67 × SNK 64

SCA 12 × SNK 16+REC
T 79/501 × SNK 109

Full-sibs 
from 
crosses

UPA 143 × SNK 64
ICS 84

P 7
SNK 10

Clonal 
material

SNK 413
BK 1
BK 2
BK 3
BK 4
BK6
BK 7

BK 10
BK 12

TALBA 1
BK 3 

Farmer 
selections

BK 17
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Table e-Xtra 2: Number of soil samples per plot (Bakoa, Kédia, Ngat) and per year (2009 to 2016 

except 2012) and the number and percentage of samples that tested positive for the presence of P. 

megakarya, for samples taken at the foot of trees classed either as “Healthy” or “Infected” the year 

before (except 2009). 

Number of soil samples Number of soil samples 
positive for P. megakarya*

Percentage soil samples 
positive for P. megakarya

Plot Year
Healthy 

trees
Infected 

trees
Total 
trees

Healthy 
trees

Infected 
trees

Total Healthy 
trees

Infected 
trees

Total

2009 20 0 20 0 - 0 0 - 0
2010 40 0 40 2 - 2 5.0 - 5.0
2011 47 8 55 2 0 2 4.3 0 3.6
2013 57 48 105 1 11 12 1.8 a 22.9 b 11.4
2014 54 133 187 2 30 32 3.7 a 22.6 b 17.1
2015 113 67 180 1 13 14 0.9 a 19.4 b 7.8

Bakoa

2016 124 19 143 12 9 21 9.7 a 47.4 b 14.7
2009 10 0 10 0 - 0 0 - 0
2010 20 0 20 0 - 0 0 - 0
2011 20 0 20 0 - 0 0 - 0
2013 28 21 49 3 6 9 10.7 a 28.6 b 18.4
2014 35 42 77 0 6 6 0 a 14.3 b 7.8
2015 55 70 125 2 9 11 3.6 a 12.9 b 8.8

Kédia

2016 63 20 83 6 14 20 9.5 a 70.0 b 24.1
2009 10 0 10 0 - 0 0 - 0
2010 18 4 22 2 0 2 11.1 0 9.1
2011 22 4 26 1 1 2 4.6 25.0 7.7
2013 40 24 64 10 6 16 25.0 a 25.0 a 25.0
2014 43 15 58 1 4 5 2.3 a 26.7 b 8.6
2015 46 49 95 3 5 8 6.5 a 10.2 a 8.4

Ngat

2016 58 32 90 5 6 11 8.6 a 18.8 a 12.2
Total 923 556 1479 53 120 173 5.7 a 21.6 b 11.7

*  Numbers in a row followed by the same letter do not differ at P=0.05 Fisher exact test
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