
Patron:		Her	Majesty	The	Queen	 	 Rothamsted	Research	
Harpenden,	Herts,	AL5	2JQ	
	
Telephone:	+44	(0)1582	763133	
Web:	http://www.rothamsted.ac.uk/	

	
	 	

	
	

Rothamsted Research is a Company Limited by Guarantee 
Registered Office: as above.  Registered in England No. 2393175. 
Registered Charity No. 802038.  VAT No. 197 4201 51. 
Founded in 1843 by John Bennet Lawes.	

	

Rothamsted Repository Download
A - Papers appearing in refereed journals

Alonso Chavez, V., Milne, A. E., Van Den Bosch, F., Pita, J. and 

Mcquaid, C. F. 2021. Modelling in cassava production and pest 

management under biotic and abiotic constraints. Plant Molecular 

Biology. https://doi.org/10.1007/s11103-021-01170-8 

The publisher's version can be accessed at:

• https://doi.org/10.1007/s11103-021-01170-8

The output can be accessed at: 

https://repository.rothamsted.ac.uk/item/985q6/modelling-in-cassava-production-and-

pest-management-under-biotic-and-abiotic-constraints.

© 27 July 2021, Please contact library@rothamsted.ac.uk for copyright queries.

02/08/2021 12:17 repository.rothamsted.ac.uk library@rothamsted.ac.uk

https://doi.org/10.1007/s11103-021-01170-8
https://repository.rothamsted.ac.uk/item/985q6/modelling-in-cassava-production-and-pest-management-under-biotic-and-abiotic-constraints
https://repository.rothamsted.ac.uk/item/985q6/modelling-in-cassava-production-and-pest-management-under-biotic-and-abiotic-constraints
repository.rothamsted.ac.uk
mailto:library@rothamsted.ac.uk


1

1 Modelling cassava production and pest management 
2 under biotic and abiotic constraints
3

4 Vasthi Alonso Chavez1, Alice E. Milne1, Frank van den Bosch2, Justin Pita3, C. Finn 
5 McQuaid4

6 1Department of Biointeractions and Crop Protection, Rothamsted Research, 
7 Harpenden, AL5 2JQ, UK; 2School of Molecular and Life Sciences, Curtin University, 
8 GPO Box U1987, Perth WA 6845; 3Laboratory of Plant Physiology, Université Félix 
9 Houphouët-Boigny, Cote d’Ivoire; 4Department of Infectious Disease Epidemiology, 

10 London School of Hygiene & Tropical Medicine, London, UK

11 Corresponding author: Vasthi Alonso Chavez; vasthi.alonso-
12 chavez@rothamsted.ac.uk
13 Orcid ID: https://orcid.org/0000-0003-3506-7603

14 Key message
15 We summarise modelling studies for the most economically important cassava pests and 
16 diseases highlighting research gaps where modelling can contribute to the better 
17 management of cassava pests and diseases in the areas of surveillance, detection and 
18 management of cassava pests and diseases, cassava pests management under climate 
19 change and modelling on molecular advancements. 

20

21 Abstract
22 Many pests and diseases affect the production of cassava leading to considerable yield 
23 losses. For over 30 years, experimental and theoretical studies have sought to better 
24 understand the epidemiology cassava pests and diseases, to result in more effective 
25 detection and control. In this review, we consider the contribution that modelling studies 
26 have had on understanding the epidemiology and management of a number of cassava 
27 pests. This review summarises modelling studies for the most economically important 
28 cassava pests and diseases including cassava mosaic disease, cassava brown streak 
29 disease, the cassava mealybug and the cassava green mite. We focus on conceptual 
30 models of system dynamics rather than statistical methods. Through our analysis we 
31 identified four key areas where modelling could contribute. First, by taking a more holistic 
32 approach and considering multiple pest-threats at a time, modelling could further advance 
33 strategies for surveillance, detection and control of cassava pests. Second a more 
34 comprehensive assessment of the agricultural crop production system could be achieved by 
35 taking a systems approach to modelling and linking the crop, pest, and environmental 
36 conditions. Third, greater insights into the impacts and uncertainties of climate change could 
37 be achieved through novel modelling applications. Finally, with recent advances in 
38 understanding molecular mechanisms of plant defence,  there is a great opportunity to 
39 further develop models at the molecular and cellular level to describe plant and pest 
40 population dynamics so increasing the understanding of the impacts these mechanisms 
41 have.

42 Keywords: cassava, pests, diseases, modelling, control
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44

45 1. Introduction
46 Cassava, Manihot esculenta (Euphorbiaceae) is a vegetatively propagated tuber crop 
47 originating in Brazil that was introduced to Africa in the 16th century and Asia in the 18th 
48 century (Thottappilly et al. 2006). Today, cassava is grown in more than 39 African and 56 
49 other countries around the world (Thottappilly et al. 2006) and has become the staple food 
50 crop of approximately 800 million people worldwide (Tomlinson et al. 2018).  Some of the 
51 reasons for the widespread cultivation include that it can be grown throughout the year, it 
52 is highly tolerant to drought and it can grow even in poor soil conditions (Tomlinson et al. 
53 2018). Additionally, while other crops are projected to be negatively impacted by climate 
54 change in Africa, cassava is expected to be positively impacted (Jarvis et al. 2012).

55 Besides being a staple for food consumption, cassava is also used for the manufacturing 
56 of pharmaceutical products, as livestock feed and as biofuel (Alene et al. 2018). 

57 Pests and diseases pose a serious threat to cassava, whether endemic or introduced. 
58 Endemic syndromes and diseases include the prominent cassava frogskin disease (CFSD) 
59 syndrome in Latin America. Although this disease was first identified in the 1970s, 
60 identifying the causal agent has been challenging (Calvert et al. 2012; Legg et al. 2015). 
61 Recent evidence shows that the disease is associated with several viruses and 
62 phytoplasmas (Calvert et al. 2012; Legg et al. 2015). Other relevant diseases are Cassava 
63 Mosaic Disease (CMD) caused by cassava mosaic geminiviruses (CMGs) in Africa and 
64 Asia, and Cassava Brown Streak Disease (CBSD) caused by cassava brown streak 
65 viruses (CBSVs) in Africa, which stand out as the main global threat to cassava production 
66 (Legg et al. 2014a). Introduced cassava arthropods and diseases date back to the 1970s 
67 when cassava mealybug (Phenacoccus manihoti) (CM), cassava green mite 
68 (Mononychellus tanajoa) (CGM), and cassava bacterial blight (CBB) caused by 
69 Xanthomonas axonopodis pv. Manihotis were introduced to Africa. Later on, CM and CBB 
70 were also introduced into southeast Asia (Legg et al. 2015). By 1970 CBB was found in 
71 most cassava growing areas in Central and South America, the Caribbean, Africa and Asia 
72 (Bradbury 1986). 

73 To counteract the effects of arthropods, syndromes and diseases (henceforth referred to 
74 collectively as pests) different control and prevention strategies may be followed. If a pest 
75 threatens a certain region where it has not yet been found, surveillance efforts should be 
76 prioritised to improve preparedness. Once a pest is found for the first time in a region, 
77 control programmes and mechanisms to eradicate are often implemented. Lastly, if a pest 
78 has starting to spread across a region, managing the spread and control of the disease 
79 often takes precedence. These efforts should be grounded in scientific understanding, 
80 from designing sampling surveys and determining the phylogenetic provenance of a pest, 
81 to developing resistant cultivars, understanding the molecular structure of the disease. 

82 In this review we focus on various forms of modelling that have been used to simulate the 
83 effect of cassava pests in order to gain a greater understanding and optimise 
84 management. We consider models developed to simulate the surveillance, detection, and 
85 control of different pests in different geographies and scenarios. We highlight success 
86 stories in the control and management of cassava pests, and discuss reasons behind 
87 programme failures, as well as identifying gaps in the use of modelling research that could 
88 be filled to enhance cassava pest management.



3

89 2. Most relevant cassava pests and efforts to detect, control 
90 and eradicate them
91 Cassava is affected by a variety of pests including viruses, bacteria, phytoplasmas, 
92 arthropods, nematodes and fungi. The greatest diversity of threats is found in Latin America; 
93 however, due to the endemicity of cassava to this region and the co-evolution of the host-
94 pest systems, the impact of these threats to cassava in Latin America is generally smaller 
95 than in Africa and Asia. For a comprehensive list of cassava pests the reader can refer to 
96 Howeler et al. (2012); Graziosi et al. (2016); Rapisarda and Cocuzza (2017); McCallum et al. 
97 (2017). Table 1 summarises the most cited cassava pests and their acronyms used in this 
98 review.

99 2.1 Virus diseases
100 Virus-caused diseases of economic importance in cassava in Latin America include cassava 
101 frogskin disease (CFSD), although as mentioned earlier, this disease may also involve 
102 phytoplasmas (Legg et al. 2015); cassava common mosaic disease (CCMD) caused by 
103 cassava common mosaic virus (CsCMV) and cassava vein mosaic disease (CVMD) caused 
104 by cassava vein mosaic virus (CVMV) (Calvert et al. 2012). Diseases caused by CsCMV and 
105 CVMV are usually of low importance but can cause significant losses when conditions are 
106 optimal. Nonetheless, ouging of infected plants appears to provide adequate control for both 
107 viruses. In addition, disinfection of harvesting tools helps to limit the spread of CsCMV 
108 (Calvert et al. 2012).  

109 CFSD, meanwhile, can cause up to 90% yield losses, making it the most important cassava 
110 virus disease in Latin America (Calvert et al. 2012). The disease directly affects the roots, 
111 causing longitudinal fissures along the roots’ length. CFSD spreads mainly through infected 
112 cuttings or planting material, although the involvement of a vector may also be possible. 
113 Perhaps due to the difficulty in understanding the aetiology and virus species causing CFSD, 
114 to our knowledge, no modelling work on its’ dynamics, spread or control exists. Fortunately, 
115 several cassava varieties resistant to the disease exist, so through the use of disease-fee 
116 cuttings, phytosanitation measures and tolerant varieties the disease can be controlled 
117 (Calvert et al. 2012).

118 In Africa and Asia, the virus diseases with the greatest economic impact are CMD (in both 
119 continents) and CBSD (in Africa only). CMD is caused by a conglomerate of 9 geminiviruses 
120 (CMGs) and several variants vectored by the whitefly Bemisia tabaci in a persistent manner 
121 (Legg et al. 2015); of these, 7 are found in Africa and 2 in Asia. Besides it being vectored by 
122 B. tabaci, CMD and CBSD are spread by the planting of infected cuttings.

123 CMD causes mottling and yellow mosaic coloration on the leaves, leaf deformation and 
124 reduction in the size of leaves and plants (Alabi et al. 2011). In Africa, it has been calculated 
125 that the root yield losses range from 15 – 24% annually, equivalent to US$ 1 – 2.3 billion 
126 (Alabi et al. 2011; Szyniszewska et al. 2017). In Asia, CMD is relatively recent so little is 
127 known on the impacts to cassava productivity although average losses of 30% have been 
128 reported from India (Minato et al. 2019) and the incidence throughout South East Asia is 
129 rapidly increasing (CIAT 2019).

130 CBSD, on the other hand, is caused by two plant RNA-viruses occurring either together or 
131 separately (Legg et al. 2014b).  The disease was initially confined to the East Coast of Africa 
132 but since 2004 it has rapidly spread westward (Legg et al. 2011; Tomlinson et al. 2018). The 
133 most economically important symptom of CBSD is the necrotic rot of the roots which can 
134 result in large yield losses. For example, across Kenya Tanzania, Uganda and Malawi 
135 moderately severe necrosis was found in 6-13% of the cassava roots examined. If yield 
136 losses are estimated at 8% of the 36 million tonnes produced in these regions the yield 
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137 losses constitute about 3 million tons, valued at approximately US$750 million per year have 
138 been estimated (Hillocks and Maruthi 2015). The primary control strategies for CMD and 
139 CBSD have historically been breeding and deployment of resistant cassava varieties, 
140 phytosanitation such as roguing and selection of disease-free cuttings, cultural control 
141 approaches (e.g. timing of crop planting and intercropping), and vector control using 
142 insecticides or biocontrol (Legg et al. 2015; McCallum et al. 2017). Integrated management 
143 strategies can combine several of these tactics to make control more sustainable. 

144 2.2 Cassava bacterial blight
145 The causal agent of Cassava Bacterial Blight (CBB), the bacterium Xanthomonas 
146 axonopodis pv. manihotis (Xam)  was discovered at the beginning of the century in South 
147 America and it was introduced into Africa in the 1970s (Boher and Verdier 1994). It is ranked 
148 as the 6th most serious bacterial pathogen in the world in the top 10 plant pathogenic 
149 bacteria in molecular plant pathology (Mansfield et al. 2012), as it can cause yield losses of 
150 12-92% (Graziosi et al. 2016). The symptoms of CBB include water-like spots  on the leaves 
151 and, at later stages of infection, wilting and defoliation (Graziosi et al. 2016; Fanou et al. 
152 2018). Unfortunately, CBB’s causal agent has several means of survival and dissemination. 
153 These include survival on debris, on some weeds, and latently on cassava stems. Dispersal 
154 can also be aided by the grasshopper Zonocerus variegatus and human-mediated 
155 movement of infected stems (Fanou et al. 2018). Currently, no resistance genes have been 
156 demonstrated to be effective against CBB, and chemical methods are not an economically 
157 feasible form of control for smallholder farmers (Mutka et al. 2016). Some methods of control 
158 include intercropping, phytosanitation, clean seed systems and late planting dates (Fanou et 
159 al. 2018).

160 2.3 Arthropod pests
161 At a global level, the most damaging arthropod pests of cassava are the cassava mealybug 
162 (Phenacoccus manihoti) (CM), and the cassava green mite (Mononychellus tanajoa) (CGM) 
163 although several other species of both mealybugs and mites have been reported to cause 
164 large yield losses in South East Asia (Graziosi et al. 2016). 

165 The CM is endemic to the Paraguay river basin and was introduced to Africa in the 1980’s 
166 from the Americas (Neuenschwander et al. 1988) and it was first identified in Thailand in 
167 2008. This pest has caused historical yield reductions of roughly 80% in some African 
168 regions, and up to 40% in Thailand (Graziosi et al. 2016; Wyckhuys et al. 2019a). In Africa 
169 the successful release of the host-specific parasitic wasp Anagyrus lopezi in 1981 
170 permanently suppressed the mealybug (Wyckhuys et al. 2019a). In Asia, meanwhile, 
171 different control methods including the use of insecticides and biocontrol (including A. lopezi) 
172 are currently used (Aekthong and Rattanakul 2019), providing adequate control.

173 The CGM, which also originated in the Americas, was firstly identified in Uganda in 1971 but 
174 it is now confirmed in 28 countries (Yaninek and Herren 1988; Sileshi et al. 2019). CGM 
175 feeds only on cassava, primarily attacking young leaves, preventing their development and 
176 reducing photosynthetic capacity (Parsa et al. 2015) so that they remain small, pale and 
177 mottled. This pest has been successfully controlled in the past through the introduction of 
178 phytoseiid mites as a form of biocontrol (Robert et al. 2016). Figure 1 shows a map with 
179 cassava growing regions in the world with indication of the geographical extent of the major 
180 cassava pests.

181 Table 1:Names of cassava pests,their acronyms and causal agents

Pest Acrony
m

Causal agents References
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182

183 3. Modelling approaches for the surveillance, detection and 
184 control of cassava pests
185 We focus here on conceptual models of system dynamics rather than statistical methods. 
186 Firstly, we consider models related to the plant-pathogen system and methods of control, 
187 including surveillance, detection, host-pest interactions and control. Secondly, we consider 
188 recent work examining the role of climate change in the emergence and spread of pests and 
189 cassava resilience. We also include modelling approaches that have not been developed 
190 specifically for cassava, but which could be adapted to cassava to enable better 
191 understanding of the dynamics of cassava pests.

192 The amount of research on the surveillance and control of a given pest is often directly 
193 proportional to the economic importance of that pest. Most of the models developed for 
194 cassava have therefore focussed on CMD, CBSD, CM and CGM. Although CBB is 
195 economically important, no much attention has been given to it from a modelling perspective 
196 and little has been done on other less economically important arthropod, virus and bacterial 
197 pests.

198 3.1 Surveillance and detection
199 Over the past decades, the rate of introduction of non-native species of pests has increased 
200 substantially across the globe. This has affected the productivity and associated ecosystems 
201 of a great number of crops, including cassava (Graziosi et al. 2016; Parnell et al. 2017; 
202 Carvajal-Yepes et al. 2019). The introduction of invasive pests is generally attributed to an 
203 increase in international trade and the movement of people as well as climate change. The 
204 intensification of cropping systems and poor crop husbandry then exacerbate the situation 
205 (Montemayor et al. 2015; Graziosi et al. 2016; Delaquis et al. 2018). In the case of cassava, 
206 these invasive biotic threats have severely impacted yield (Graziosi et al. 2016)  and in many 
207 regions this has resulted in a reduction the area of cassava grown (Otim-Nape et al. 2001). 

Cassava frogskin 
disease

CFSD Phytoplasmas and cassava 
frogskin-associated viruses

(Calvert and 
Thresh 2002; 
Calvert et al. 
2012; Legg et al. 
2015)

Cassava common 
mosaic disease CCMD

Cassava common mosaic 
virus (CsCMV)

(Calvert and 
Thresh 2002)

Cassava vein 
mosaic disease

 CVMD Cassava vein mosaic virus 
(CsVMV)

(Calvert and 
Thresh 2002)

Cassava mosaic 
disease

CMD Cassava mosaic 
geminiviruses (CMGs)

(Legg et al. 2015)

Cassava brown 
streak disease

CBSD Cassava brown streak virus 
(CBSV) and Ugandan 
cassava brown streak virus 
(UCBSV) 

(Legg et al. 2015)

Cassava bacterial 
blight

CBB Xanthomonas axonopodis 
pv. manihotis (Xam)

(Calvert and 
Thresh 2002; 
Graziosi et al. 
2016)

Cassava 
mealybug

CM Phenacoccus manihoti Mat.-
Ferr.

(Parsa et al. 2012; 
Graziosi et al. 
2016)

Cassava green 
mite

CGM Mononychellus tanajoa 
(Bondar)

(Parsa et al. 2015; 
Le et al. 2018)
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208 Invasive pests, therefore, can have severe impact on rural livelihoods, cassava-based 
209 industries, local economies and food security (Graziosi et al. 2016).
210
211 To tackle these new invasive pests effectively, it is widely acknowledged that biosecurity 
212 needs to be strengthened (Graziosi et al. 2016). Potential new environments and pathways 
213 need to be identified and risks mitigated. Pest risk maps are an important resource for 
214 developing appropriate risk mitigation measures such as phytosanitary regulations, the 
215 establishment of pest-surveillance networks, and the development of emergency response 
216 plans (Parsa et al. 2015). Correlative models built from species occurrence data, climate 
217 variables and host distribution provide an effective means to develop these maps. 
218 Montemayor et al. (2015) demonstrated a correlative modelling approach to predict the 
219 potential for invasion and spread of cassava lace-bug (Vatiga spp.). Similarly, Parsa et al. 
220 (2012) developed a dispersal risk for the cassava mealybug using a CLIMEX distribution 
221 model. This work predicted that dispersal risk was limited by cold stress and high rainfall in 
222 the wet tropics. More recently, Yonow et al. (2017) advanced this model by considering 
223 additional variables such as irrigations and host distribution. This resulted in a more accurate 
224 prediction of areas at risk of dispersal from CM in Asia, South America and Africa. Later, 
225 Parsa et al., (2015) also predicted the potential distribution of cassava green mites 
226 (Mononychellus tanajoa and M. mcgregori) using a maximum entropy approachThese 
227 methods are useful for highlighting regions at risk to certain pests, but they need to be 
228 interpreted carefully as they do  not explicitly account for the underlying biotic interactions 
229 (Montemayor et al. 2015). Geographic distributions are more likely to be accurately predicted 
230 if the model variables are more purposely selected based on the ecology and biology of the 
231 species. This was demonstrated by (Campo et al. 2011) who used ecological niche 
232 modelling to predict the potential geographic distribution of four threats to cassava, (whitefly, 
233 green mite, cassava mosaic disease and cassava brown streak disease) using known 
234 locations of each pest to characterize the environmental profile and potential distribution of 
235 each threat. 
236
237 Improved use of quarantine and border inspections can reduce the risk of entry to new 
238 regions (Martin et al. 2016; Parnell et al. 2017); however, pre-emptive measures such as 
239 these do not avert all epidemics. Effective surveillance schemes within the agricultural 
240 landscape, are therefore essential. For emerging pests, surveillance is generally conducted 
241 to (i) determine whether a threat is present (detection), (ii) gather information to understand 
242 the nature and extent of the problem (estimation), and (iii) to identify as many infected sites 
243 as possible to implement control (targeting). 
244
245 International guidelines emphasize the importance of statistical methods to inform 
246 surveillance (FAO 2006). Parnell et al. (2015) describe some generally applicable statistical 
247 methods for determining the incidence that an epidemic has truly reached when it is first 
248 detected. These methods account for the rate of epidemic increase as well as the intensity 
249 and frequency of sampling (Parnell et al. 2012; Parnell et al. 2015; Bourhis et al. 2019). For 
250 detection, it is also important to know where to sample. Geostatistical methods have been 
251 proposed to address this (Lecoustre et al. 1989; Tubajika et al. 2004; Stonard et al. 2010). 
252 For example, (Bouwmeester et al. 2012) used regression kriging to interpolate the point-
253 based surveys in Rwanda and Burundi and predict the spatial distributions of different 
254 measures of Cassava mosaic disease. They used environmental and sociological variables 
255 as fixed effects (or predictors) in their model and found that the environmental variables that 
256 were significant accorded with those that affected the location of the host crop and the 
257 abundance of the white-fly vector.  Although these approaches can account for host 
258 variability, they are static in nature and so do not fully account for the landscape connectivity 
259 or the epidemiology of the threat. 
260
261 Risk based sampling approaches, based on host distribution and the dispersal 
262 characteristics of the pest have been explored successfully in other systems (Hyatt-Twynam 
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263 et al. 2017). In the case of threats to cassava, sampling efforts have been designed to gain 
264 insight into factors driving the spread and abundance of the pest and so have not focused on 
265 risk-based detection. For example, sampling has been undertaken to understand the impact 
266 of variety and crop area (Otim-Nape et al. 2001; Emily et al. 2016), environment (Legg and 
267 Ogwal 1998; Wudil et al. 2017), vector (Legg and Ogwal 1998; Mwatuni et al. 2015; Eni et al. 
268 2018)  and anthropogenic factors, such as trade and movement of contaminated cuttings, 
269 driving spread (Legg and Ogwal 1998; Mwatuni et al. 2015; Graziosi et al. 2016; Minato et 
270 al. 2019), set up a sample design to determine a baseline for the incidence of Sri Lankan 
271 cassava mosaic virus in Cambodia and Vietnam following its first detection in the previous 
272 year in Eastern Cambodia (2015). This type of surveillance effort is extremely important to 
273 determine severity, identify pathways for spread and provide recommendations for control. 
274 The design of where to sample, was somewhat risk based, in that it focused on districts with 
275 high density of production, however it does not take account of any other epidemiological 
276 factors. 
277
278 In practice, many surveillance programmes ignore the processes that determine the 
279 dynamics of the pest spread (Parnell et al. 2017). To address this, several researchers have 
280 proposed using stochastic spatially explicit models to determine where it is best to sample 
281 (Gilligan and van den Bosch 2008; Parnell et al. 2010; Cunniffe et al. 2015b; Thompson et 
282 al. 2016; Parnell et al. 2017). These models can be used to simulate realistic patterns of 
283 epidemic spread through heterogeneous landscapes, allowing for environmental conditions, 
284 uncertainties in the current levels of knowledge about the epidemic (e.g. transmission 
285 efficacy and dispersal characteristics) and human-mediated pathways for spread. Human-
286 mediated spread is of particular relevance for cassava pests, such as cassava mosaic virus 
287 and cassava brown streak disease, where seed exchange mechanisms have facilitated their 
288 rapid spread across countries in Asia and Africa (Legg 1999; Legg et al. 2011; Legg et al. 
289 2015; Mwatuni et al. 2015; Delaquis 2018).  Analysis of seed networks as potential epidemic 
290 pathways can help to identify key locations for sampling and mitigation of pathogens in seed 
291 networks, and to evaluate the roles of different actors (Delaquis 2018). 
292
293 There are practical constraints to surveillance that must also be addressed. A shortage of 
294 suitably trained personal and logistical difficulties of accessing sites affect the number of 
295 assessments that can be made and their locations (Quinn 2013; Carvajal-Yepes et al. 2019) 
296 In many cases, sampling is restricted to crop areas that are easily accessed from main roads 
297 (Mutembesa et al. 2018). Another issue is the ability to diagnose a pest problem. Infection 
298 can be difficult to diagnose both because of lack of training and also the cryptic nature of 
299 many pests (Awoyelu and Adebisi 2015; Minato et al. 2019). For example, (Minato et al. 
300 2019) used PCR-based diagnostics to detect Sri Lankan cassava mosaic virus in Cambodia 
301 and found that 14% of infected plants did not express symptoms. 
302
303 PCR-based diagnostics haven proven accurate for detecting cassava viruses (Abarshi et al. 
304 2010; Minato et al. 2019), but this can be costly for large field surveys (Abarshi et al. 2010). 
305 Accurate and timely diagnosis of visible symptoms by non-experts offers great promise for 
306 improving the early detection of threats to cassava (Mutembesa et al. 2018). Model-based 
307 tools, deployed for example on smart phones, have been proposed to aid non-experts in 
308 diagnosis. These have used fuzzy expert systems (Awoyelu and Adebisi 2015) and multi-
309 criteria decision making (Goodridge et al. 2017). Similarly, image-based detection methods 
310 have been proposed and proliferated during the last years using approaches such as 
311 machine learning, deep learning (Barbedo 2017; Ramcharan et al. 2017; Ferentinos 2018; 
312 Ramcharan et al. 2018; Segun et al. 2019; Arnal Barbedo 2019; Tusubira et al. 2020), and 
313 image processing (Powbunthorn et al. 2012; Majumdar et al. 2014; Ninsiima et al. 2018).  
314 Automating the process of diagnosis is argued to give more accurate and standardised 
315 results (Quinn 2013). However the true strength of surveillance measures that integrate 
316 model-based prediction, expert assessment and citizen science will only be realised if 
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317 backed up by regional diagnostic hubs, data management, risk assessment, and 
318 communication protocols as advocated by Carvajal-Yepes et al. (2019).
319 3.2 Host-pest interactions and dynamics
320 The host-pest dynamics of a system can depend on several factors such as biotic and 
321 abiotic factors, including the involvement of vectors in disease transmission and the way 
322 transmission occurs, the epidemiological evolution of the system, co-infection of the host by 
323 more than one pest and human interactions that aid its’ dispersal. Models based on these 
324 types of interactions are presented here. 

325 Vectored disease transmission
326 In a host-vector-pathogen system disease transmission may happen in diverse ways. Here 
327 we focus on cassava virus diseases as, to our knowledge, no models for CBB exist. A 
328 number of models aiming to understand the impact that transmission dynamics have in 
329 disease epidemiology have been developed (Jeger et al. 1998; Grilli and Holt 2000; Zhang 
330 et al. 2000b; Madden et al. 2000; Zhang et al. 2000a; Roosien et al. 2013; Jeger et al. 2018; 
331 Gandon 2018; Donnelly et al. 2019; Al Basir et al. 2020) and can be explored to better 
332 understand vectored transmission dynamics. Here we include some that can help us to 
333 better understand the dynamics of vector-transmitted cassava diseases. 

334 The most important cassava viruses are CMD and CBSD. CMD is persistently transmitted by 
335 whitefly, which retains the virus for up to 9 days while CBSD is transmitted semi-persistently 
336 with virus retention times of not more than 24 hours (Legg et al. 2011). Transmission mode 
337 has important consequences for the epidemiological dynamics of the disease, and can guide 
338 practitioners in developing optimal control strategies (Lapidot et al. 2014). A detailed study of 
339 the effects of virus-transmission mechanisms on disease epidemics was developed (Madden 
340 et al. 2000). They addressed the implications that vectored disease transmission can have in 
341 the epidemiology and control of diseases, depending on the vector-virus interaction. The 
342 basic principles of this study and many subsequent host-vector models of disease 
343 transmission are based on compartmental models of differential equations known as SEIR-
344 SI models (see Box 1).

345 They used their results and used them to characterise CMD epidemics. As CMD is 
346 persistently transmitted, this model shows that to have a noticeable effect in epidemic 
347 control, a substantial reduction in the number of vectors per plant (e.g. through insecticides, 
348 cultural practices, etc.) is needed. The insights of this work can potentially be applied to 
349 CBSD and CBB and other vectored diseases. Based on the work by (Nault 1997)  a 
350 summary explaining transmission characteristics associated with vectored plant viruses 
351 vectored transmission is found in Table 2.

352 Disease transmission is also affected by the vector’s feeding period. Using parameters for 
353 African Cassava Mosaic Virus (ACMV) transmission, Grilli and Holt (2000) developed a 
354 model for variable vector feeding time. They discovered that for inefficient virus transmitters 
355 variability in the vector feeding period can reduce or increase the epidemic development. 
356 This is relevant for both CMD and CBSD, where only a small percentage of vectors acquire 
357 the virus from infected plants even after long feeding periods (Grilli and Holt 2000; Maruthi et 
358 al. 2005). Disease transmission and prevalence can be also affected by the latent time of 
359 infection inside the vector after acquisition of the virus and the incubation period of the 
360 disease on a newly infected plant. Using a delay differential equation model and parameters 
361 of Cassava Mosaic Disease from (Holt et al. 1997; Jackson and Chen-Charpentier 2017; 
362 Rakshit et al. 2019), Al Basir et al. (2020) found that delays in the latent and incubation 
363 periods for the vector and the plant respectively have a big effect on the disease dynamics, 
364 concluding that biocontrol, genetic engineering, insecticides or any control measures that 
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365 can delay the incubation delay period in plants can be used to drive the system to a disease-
366 free equilibrium.

367 Vectored disease transmission can affect vector fitness or behaviour, which in turn, 
368 influences disease spread. For example, Holt et al. (1997) developed a model that predicted 
369 that if ACMV changed the fitness of the vector by increasing its’ population growth rate, then 
370 the pathogen spread rate was significantly affected. When virus infection led to increased 
371 fecundity; vector spatial aggregation was promoted. Considering that whiteflies prefer to feed 
372 on infected cassava plants, Zhang et al. (2000a) developed a model for the spread of CMD 
373 in Uganda. This model predicted that vector aggregation led to a reduction of within-crop 
374 disease incidence but might promote increased emigration rates of infected vectors to 
375 surrounding crops. This was in accordance with experimental results (Mauck et al. 2012). 
376 Another study including vector aggregation and whitefly dispersal behaviour in CMD (Hebert 
377 2014; Allen and Hebert 2016) showed that these two factors can affect the rate of disease 
378 spread and the potential CMD outbreaks.

379 Knowing the epidemiological parameters in the field are time consuming and often hard to 
380 accurately measure as external variables are impossible to control. (Donnelly et al. 2020) 
381 used a method to estimate the CBSV vector retention period, acquisition period and 
382 inoculation period parameters for B. tabaci. To do this they matched laboratory experimental 
383 data with theoretical parameters using a vector dynamics population model and stochastic 
384 simulations. They found that whitefly retention time of CBSV is much shorter than previously 
385 assumed, offering a new perspective on the epidemiology of CBSD. This way of obtaining 
386 parameter estimates can be used to enhance the prediction of epidemic risk and strategies 
387 of control.

388

389  

390

391

392 Table 2: Transmission characteristics of plant viruses

393 Pests spread and dispersal
394 Modelling studies of cassava pests’ dispersal have primarily focussed on the whitefly 
395 Bemisia tabaci, the vector of CMD and CBSD, the spread of CMD itself, and the movement 
396 and distribution of the CM. More recent models have included human-mediated spread, but 
397 the focus has continued to remain on CMD, CBSD and to a lesser extent, CM. As far as we 
398 are aware, no models of dispersal have been developed for other pests, however, many 
399 generic models on disease dispersal can inform the population dynamics of specific pests, 
400 as long as they are correctly parametrised, and their dynamics captured by the model.

Transmission
characteristics

Non-persistently 
transmitted

(stylet borne)

Semi-
persistently 
transmitted

(foregut borne)

Persistently 
transmitted, 
circulative

Persistently 
transmitted, 
propagative

Acquisition time Seconds, 
minutes

Minutes, hours Hours, 
days

Hours, days

Retention time Minutes Hours Days, 
weeks

Weeks, 
months

Latent period No No Hours, 
days

Weeks

Virus in vector 
haemolymph

No No Yes Yes

Virus multiplies 
in vector

No No No Yes

Transovarian 
transmission

No No No Possible
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401 The earliest models of CMD dispersal were developed in the late 1980s after experimental 
402 studies on  the incidence and spread of CMD in Africa were developed. Fargette et al. 
403 (1986) developed a model of CMD whitefly-vectored disease spread to develop control 
404 mechanisms, while Lecoustre et al. (1987,1989) developed a geo-statistical model of the 
405 ACMV spread in Côte d’Ivoire. This work was later extended by Fargette et al. (1993) who 
406 analysed and fitted data of the temporal progress of ACMV in Côte d’Ivoire to understand 
407 which variables influenced the epidemic spread, concluding that whitefly numbers and 
408 fluctuations in the temperature and radiation were the most influencing variables. Continuing 
409 this work, Fargette and Vié (1994) developed a model of the temporal spread of ACMV into 

410 plantings using data from Côte d’Ivoire observing that disease was mainly driven by age-
411 dependent host susceptibility and seasonal variation in temperature. 

412 Despite a better understanding of CMD dispersal, models  developed by the end of the 
413 1990’s did not always explain field data accurately, so models including vector aggregation 
414 were developed (Zhang et al. 2000a) and have continued to be an important feature in 
415 understanding CMD spread (Hebert 2014; Allen and Hebert 2016). Szyniszewska et al. 
416 (2017) used a geospatial approach to improve understanding of the CMD pandemic front in 
417 North western Tanzania. In this model, the authors were able to define a pandemic front of 
418 CMD by determining disease incidence and whitefly abundance in the regions where the 
419 rate of change between high and low incidence and vector abundance was highest, 
420 concluding that these were the two most important variables for pathogen dispersal.

421 Other models of virus dispersal, although not exclusive to cassava virus diseases have also 
422 accounted for the vector preference for infected or non-infected hosts. For example Roosien 
423 et al. (2013) showed that vector change of preference for infected/uninfected hosts following 

Box 1

population moves from one category to the next. Meanwhile, the vector population also 
moves from one category to the next. The rate of change in each category is usually 
given by a differential equation. The movements or flows from each category are given 
by parameter rates including birth, harvest, roguing and death. Vector emigration and 
inmigration rates are depicted by dashed arrows.

In a SEIR - SI  model, the 
plant population is divided into  
four categories: susceptible 

 or healthy; exposed , (S) (E)
infected hosts that are not yet 
able to pass the pathogen to 
the vector; infective or 
infectious , individuals that (I)
are infected and can pass the 
pathogen to the vector; 
removed , postinfectious (R)
hosts removed from the 
population due to harvesting, 
death or roguing. The vector 
population is divided into 
susceptible  and infectious (S)

.(I)

This model represents a 
transition model in which the 
plant 



11

424 acquisition of the pathogen can increase pathogen spread. Meanwhile Shaw et al. (2017) 
425 concluded that vector population growth rates are highly influential for virus spread rates, but 
426 the vector’s preference for settling on a host with a different infection status from itself, and 
427 the vector’s tendency to leave a host with the same infection status, led to increased 
428 pathogen spread. Sisterson and Stenger (2016), modelling variable birth and death rates 
429 affecting vector’s population size found that increasing vector mortality had a greater effect 
430 on pathogen spread than a model where the population size of the vector is fixed. 

431 In terms of arthropod pests, a limited number of models on the spread of CM exist. However,  
432 (Gongora-Canul et al. 2018) considered the spatio-temporal dynamics of the mealybug 
433 Paracoccus marginatus Williams and Granara de Willink (Hemiptera: Pseudococcidae) on 
434 the cassava relative Jatropha curcas in the region of Yucatan, Mexico. The authors 
435 observed that at the beginning of the epidemic, a random dispersion pattern of mealybug-
436 infested host existed. Over time, this pattern was overcome by anisotropic aggregation 
437 within host rows. This aggregation may then have aided mealybug dispersal across rows 
438 and over larger distances. Other examples previously mentioned looking at the dispersal risk 
439 of CM include the work of (Parsa et al. 2012) and (Yonow et al. 2017).

440 Multiple transmission paths
441 One of the primary dispersal pathways for cassava pests is through human-mediated 
442 movement of cuttings for planting. When cuttings are taken and used from an infected 
443 cassava plant, an infected plant will be established. For example, CMD, CBSD and CBB are 
444 horizontally vector-transmitted (the vector infects the plant by passing the virus/bacteria to 
445 the host while feeding) and vertically transmitted through infected cuttings. Meanwhile, for 
446 CM and CGM the movement of infested hosts can result in long-distance dispersal and the 
447 introduction of pests to areas previously pest-free. 

448 Holt et al. (1997), modelled CMD transmission through vectors as well as through infected 
449 cuttings. They found that if all planted cuttings were virus-free, then, the only way in which 
450 disease could persist was through a high vector transmission rate or a large vector 
451 population. However, when they included a proportion of infected cuttings, three different 
452 scenarios emerged: disease elimination, healthy and infected plants, or ubiquitous infection. 
453 This seminal work led to the emergence of other models where the dynamics of the system 
454 included multiple disease transmission paths. 

455 The efficiency of horizontal and vertical transmission depends on the virus strain in the plant. 
456 Strains that build up a high virus titre are easily picked up by the whitefly vector when 
457 feeding on the plant. Since high virus titres often goes paired with symptoms the grower will 
458 recognise these plants as infected and will not take cuttings to propagate the crop. 
459 Conversely, a plant infected with a strain that builds up a low virus titre is likely to be used as 
460 cuttings, but the vector will not easily pick up the virus while feeding. There is thus a trade-off 
461 between vertical and horizontal transmission. 

462 Van Den Bosch et al. (2006) incorporated this trade-off and analysed which strains 
463 dominated the population under a range of disease control measures. They found that the 
464 removal of visually infected plants (roguing), selected for virus strains that build up a low 
465 virus titre; selecting tolerant varieties selected for virus strains with a higher virus titre. This is 
466 in agreement with a CBSD mixed-mode transmission study (McQuaid et al. 2017b) where it 
467 is shown that both, transmission via infected cuttings and human-mediated movement are 
468 highly important for disease dispersal.
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469 Co-infection dynamics
470 Host infection by more than one pest can result in synergy, co-existence, antagonism or 
471 cooperation among pathogens (Abdullah et al. 2017). To address this issue, Zhang et al. 
472 (2001), analysed a system where two mutually synergistic virus strains simultaneously 
473 infected cassava. This model was based on observations of African cassava mosaic virus 
474 (ACMV) and East African cassava mosaic virus (EACMV) in Cameroon (Fondong et al. 
475 2000). The assumption was that by sharing the same host the two viruses would compete 
476 for the host’s resources limiting their ability to survive. They found that as virulence 
477 increased, the potential for co-existence decreased. Contrastingly, when virus transmission 
478 of dually infected hosts increased, the potential for co-existence increased. Although co-
479 infection is known to occur frequently in cassava (Legg 2009; Vanderschuren et al. 2012; 
480 Zinga et al. 2013; Ogwok 2015), no other modelling studies of co-infection in cassava exist 
481 to our knowledge. The study of co-infection in plants remains as one of the most important 
482 challenges in the modelling of plant diseases (Cunniffe et al. 2015a).

483 Overtime, the acknowledgement of the role that the vector plays in the epidemiology of these 
484 virus diseases has been increasingly recognised.  Virus transmission mode, feeding periods, 
485 spatial configurations and vectors preferences can have significant epidemiological and 
486 evolutionary consequences and these are being increasingly addressed in research 
487 modelling (Jeger 2020). However, links between the molecular and cellular that can explain 
488 the efficacy of disease transmission at larger scales are still needed to better understand. 
489 We expand on this in section 4.

490 3.3 Cassava pests’ control
491 How to deploy control for cassava pests has been a subject of study for many decades 
492 (Herren 1994; Thresh et al. 1998; Jeger et al. 2006; Legg et al. 2006; Legg et al. 2015; 
493 Rapisarda and Cocuzza 2017; Legg et al. 2017). Control strategies include host-plant 
494 resistance, chemical and biological control, integrated pest-management, phytosanitation, 
495 intercropping, cultural practices and clean seed systems. Using more than a single strategy 
496 to manage or control pests often brings better control than using a single strategy (Tonnang 
497 et al. 2017). Cassava is not the exception and strategies trying to understand how to better 
498 optimise control through the inclusion of several methods have been developed for many 
499 years (Thresh 2004; Jones 2004; Jeger et al. 2004; Nutter 2007; Sastry and Zitter 2014; 
500 Rapisarda and Cocuzza 2017).

501 Work dedicated to control virus diseases has historically focused on phytosanitation, 
502 breeding for resistance, the use of chemicals and clean seed systems. Studies analysing 
503 arthropod pests have primarily focused on biocontrol. Little however has been done around 
504 control strategies for human-mediated dispersal. In this section we examine modelling work 
505 developed to inform and optimise control of cassava pests. We discuss studies focused on a 
506 single form of control and studies analysing more than one control strategy.  

507 Resistance
508 Breeding hosts for vector or pathogen resistance has been recognised as a key strategy for 
509 control of virus diseases (van den Bosch et al. 2007). Efforts to breed resistant cassava 
510 varieties have been developed for several decades now (Ceballos et al. 2012), however, 
511 modelling efforts that can reproduce the evolution of resistance in plants and pathogens is 
512 one of the key challenges in the modelling of plant diseases (Cunniffe et al. 2015a). Here we 
513 present studies focused on the use of cassava resistant and tolerant varieties as a form of 
514 control. The difference between these two concepts is that resistance is the host’s ability to 
515 limit pathogen multiplication while tolerance is the host’s ability to reduce the negative effects 
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516 of infection, so that resistance reduces the multiplication rate of the pathogen while tolerance 
517 does not (Pagan and Garcia-Arenal 2020).

518 Sometimes, when a pathogen spreads in resistant cultivars, the pathogen spread within and 
519 among cuttings stays relatively low and does not become fully systemic, thus some of the 
520 cuttings propagated from infected plants may revert to healthy plants (Fargette and Vié 
521 1995). This phenomenon is known as reversion. Fargette and Vié (1995) investigated the 
522 effects of resistance, cutting selection and reversion on epidemic severity over time. They 
523 found that when either reversion or cutting selection occurred over several consecutive 
524 years, although the severity increased during the first few cycles, the disease reached an 
525 equilibrium with limited yield losses, concluding that the use of these two strategies 
526 simultaneously may help controlling the spread of ACMD. 

527 Another study went beyond cutting selection and investigated the effects of different 
528 strategies on the control of virus cassava diseases (van den Bosch et al. 2007). This study 
529 shows that if resistance reduces infection transmission then, infection does not impose 
530 selection on the virus to evolve. However, if one breeds for tolerance, where plants retain a 
531 high virus titre but are symptomless, selection for strains with higher virus titre occur 
532 rendering resistance redundant. This would indicate that, although resistance is a very 
533 important form of control in the spread of virus diseases for example, care has to be taken 
534 when deploying resistant varieties that may be vulnerable to the evolution of virulent strains 
535 (Seal et al. 2006a; Nutter 2007). Magoyo et al. (2019) modified the model by Holt et al. 
536 (1997), including two types of cassava varieties, one sensitive and one resistant to CMD. In 
537 this study both varieties became infected over time when no other control was undertaken, 
538 deeming the resistant varieties unsuccessful as a form of control in the long term. The 
539 authors advise to use other control strategies such as insecticide spraying, the use of clean 
540 cuttings and phytosanitation in conjunction with resistant varieties. 

541 In terms of molecular mechanisms of plant defence against viruses, (Neofytou et al. 2016) 
542 investigated the interactions between two viral strains and a single host. They investigated 
543 how RNA interference (the ability of host cells to recognise and degrade the messenger 
544 RNA of invading RNA, for example) may influence or explain cross-protection (the process 
545 by which infection of the plant with one virus can prevent or interfere with the subsequent 
546 infection by a second virus of the same family). Their results show that when two viruses 
547 “antagonise” each other, for sufficiently high “warning rates” provided by the plant immune 
548 system through RNA interference, not only can one minimise the spread of a specific virus, 
549 but the overall infection can be reduced. Conversely, if the two viruses are immunologically 
550 unrelated and co-infecting the same plant, they can indirectly promote each other. This can 
551 happen by, for example, making the cells that the first virus cannot infect anymore, more 
552 susceptible to the second infecting virus. 

553 Spatial management
554 Intercropping can often help in the dispersal control of vectored diseases and this has been 
555 widely studied. As cassava is a subsistence crop, it is often planted together with or next to 
556 other crops. One of the first intercropping studies in cassava (Fargette and Fauquet 1988) 
557 found that spatiotemporal patterns of CMD spread in cassava intercropped with maize were 
558 complex and inconclusive showing that intercropping did not always reduce the incidence of 
559 ACMV. Moreover, this study found that CMD incidence was sometimes higher in 
560 maize/cassava combinations than in cassava only. Contrastingly, other studies (Gold 1994; 
561 Fondong et al. 2002) showed that intercropping cassava with cowpea or maize reduced 
562 whitefly populations up to 50% and CMD incidence was reduced by approximately 20% 
563 (Fondong et al. 2002).  A more general model analysing different cropping patterns 
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564 (Jabłońska-Sabuka et al. 2015) showed that the use of intensive cropping patterns and 
565 resistant cultivars triggers aggressive virus adaptability concluding that to reduce virus 
566 adaptability and spread more diverse and  less concentrated spatio-temporal patterns are 
567 needed. 

568 Windbreaks are another form of spatial control which have been used in the control of 
569 ACMD. Windbreaks are regions where a fence, wall, line, or growth of trees or other 
570 vegetation such as hedges, hedgerows, vegetative barriers, or wind barriers are built or 
571 planted preventing the wind coming through with its force (Ying 2018). This, in principle 
572 reduces the whitefly populations and therefore, disease incidence. Using advection-diffusion 
573 equations, (Lawrence and Wallace 2010) analysed the spatiotemporal spread of ACMD and 
574 simulated the use of windbreaks and resistant varieties for its’ control. They found that 
575 installing windbreaks along the upwind edges of the field could help reducing the entry of 
576 new whiteflies into the field, thus, reducing the disease incidence. They also found that 
577 reducing the host density can help reducing the disease incidence and some configurations 
578 where empty strips were introduced also helped. 

579 Combining the deployment of resistant varieties and crop management practices can be 
580 another form of control. (Parry et al. 2020) developed a spatially explicit model to understand 
581 how crop management practices combined with crop breeding strategies to suppress 
582 whitefly numbers influenced the dynamics of the whitefly populations. Their study shows that 
583 considering the spatial cropping regime (e.g. how many seasons in a year cassava is 
584 planted) and how much cassava was present spatially could greatly affect the effectivity of 
585 deploying whitefly resistant varieties. For example, they found that sometimes, for the 
586 purpose of suppressing whitefly populations, the cropping regime undertaken can effective 
587 without the need of deploying cassava whitefly resistant varieties. 

588 Biocontrol
589 Biocontrol has been widely applied to CM in Asia and Africa and CGM in Africa. The release 
590 of natural and introduced enemies and parasitoids has greatly helped controlling the 
591 population numbers of pests but the way that biocontrol agents interact with the pest and the 
592 way deployment takes place, both spatially and temporally, are still  relevant subjects of 
593 study (Sileshi et al. 2019; Wyckhuys et al. 2019b; Aekthong and Rattanakul 2019)

594 To combat the CM attacks a parasitoid, the Epidinocarsis lopezi (DeSantis) was introduced 
595 in Africa and later in Asia. To assess the efficiency of this parasitoid in the biological control 
596 of CM several models were developed during the late 1970s and early 1980s (Cudjoe 1990). 
597 Using several population dynamic models of biocontrol (Gutierrez et al. 1988a) developed a 
598 CM specific model of their population dynamics with age structure and mortality due to 
599 natural causes and due to predation by the parasitoid. The model shows that during the dry 
600 season, the most important factor for the control of CM populations is the parasitoid E. lopezi 
601 while rainfall is the main control parameter during the rainy season. They conclude that the 
602 use of predators and parasitoids for the control of CM is very important. Another exotic 
603 parasitoid (Epidinocarsis lopezi (DeSantis)) was later introduced into Africa to aid the control 
604 of the CM, but unlike E. lopezi this parasitoid was unsuccessful. Gutierrez et al. (1993) built 
605 a model to understand why, although these two parasitoid species are related, one was 
606 successful in the aid of the CM control while the other was not. Their model shows that the 
607 dynamics of host size over time favours E. lopezi over E. diversicornis and the ability of 
608 finding hosts is 5 times better for E. lopezi among other environmental and biological factors. 
609 The authors conclude that although these factors were important in the regulation of CM by 
610 E. lopezi, other factors might be crucial in other systems.
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611 In order to reduce CM populations in Thailand, green lacewings were introduced as their 
612 larvae can destroy over 100 mealybugs in a week by sucking fluids from their soft bodies. 
613 (Jankaew et al. 2019). To study lacewings effect on CM population numbers Wake et al. 
614 (2016) developed a predator-prey model where lacewings were released continuously and 
615 periodically finding that if enough CM enemies are introduced, good control is achieved, 
616 whether lacewings are released continuously or periodically. Building on this model 
617 (Promrak et al. 2017) included age structure for the prey (the CM) and built an integro-
618 differential model. The authors found two stable states, one where the CM population goes 
619 extinct after overcoming a population threshold for the predator level, and a second one 
620 where the CM and lacewings co-exist. Then, to understand the effect of temperature on the 
621 population dynamics, Promrak and Rattanakul (2017) built a cellular automata model and to 
622 analyse the level of biological control efficacy at different temperatures. They found out that 
623 although the introduction of lacewings helped controlling CM populations, as the temperature 
624 increases, the survival and fecundity rates of lacewings decreased, requiring a larger 
625 number of released adult green lacewings to obtain CM effective control. Beyond the 
626 population dynamics the authors considered that in this situation the farmer would have to 
627 consider accepting potential yield loss due to the CM as using lacewings as a form of control 
628 could be too costly (Promrak and Rattanakul 2017). 

629 Considering a mathematical model of delayed differential equations, (Jankaew et al. 2019) 
630 simulated the population dynamics of CM and green lacewings showing that the time delay 
631 in the reproduction of green lacewing larvae played an important role in controlling the 
632 mealybugs population. Thus, if the time delay is correct, the reproduction rate of lacewings 
633 can control the population of CM to acceptable levels but if the delay is larger than a found 
634 critical value the CM population oscillates within a given range and can also exhibit a chaotic 
635 behaviour.

636 Considering biological and environmental factors that can contribute to the control of CGM 
637 spread into West Africa, Gutierrez et al. (1988b) developed a model using as a reference 
638 their CM model. For the case of the CGM they discovered that the most important factors 
639 contributing to the population control of the CGM were rainfall, drought stress and food 
640 availability, as the natural enemies in the region did not influence the number of CGM. 

641 To assess the viability of introducing the fungus Neozygitis cf. floridan. into Africa from South 
642 America as a form of biocontrol, Oduor et al. (1997) developed a susceptible-infected-
643 contagious compartmental model between the CGM and this fungus maintaining  a constant 
644 fungal per-capita transmission rate. The authors showed that the fungal pathogen can 
645 reduce the population growth of CGM when other factors such as low temperature, low food 
646 quality and other environmental variables are right for fungal development. However, the use 
647 of N. cf. floridan alone cannot drive local mite populations to extinction.

648 Using time series analysis from data collected in Benin and a mechanistic predator-prey 
649 model a population model of the CGM and the introduced phytoseiid predator 
650 Typhlodromalus aripo were examined (Hanna et al. 2005). They show that T. aripo has been 
651 able to persist and reduce the population density of CGM in a cassava field in Benin over a 
652 period of 7 years, although the mean density of both, predator and prey have declined over 
653 time. Analysing the two populations fluctuations they concluded that these may be attributed 
654 to predator-prey dynamics instead of being a product of abiotic factors, but more studies are 
655 needed to support this claim.

656 A metapopulation tritrophic model looking at the dynamics of cassava, CM and its’ natural 
657 enemies, and CGM and its’ natural enemies was developed to understand the interaction 
658 between these three populations in a heterogeneous landscape (Gutierrez et al. 1999). The 
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659 model shows that high host habitat finding capacity by A. lopezi (the main introduced 
660 parasitoid of CM) can result in good suppression of CM and that the ability to find new 
661 habitat areas depends on patch density and degree of spatial heterogeneity. It also shows 
662 that the exotic predator T. aripo can control CGM whereas another exotic predator T. 
663 manihoti does not.

664 To study the potential use of biocontrol measures to manage CMD in Africa, Okamoto and 
665 Amarasekare (2012) modified the model by Holt et al. (1997) using their parameters 
666 obtained for CMD. Their approach assumes a differential equation model of the dynamics of 
667 the host, the vector, the host infecting pathogen and a pathogen infecting the vector, 
668 showing that conditions in which the vector-infecting pathogen can be established if the 
669 conditions are right exist. For example, this model shows that highly efficient predators, 
670 parasitoids and highly virulent pathogens of the vector with high transmission rates are 
671 effective as biocontrol agents. It also shows that biocontrol agents can successfully reduce 
672 long-term host disease even if vector densities are not reduced. Finally, inundating a host-
673 vector system with a natural enemy of the vector has little or no effect in reducing disease 
674 incidence, but a vector competitor can greatly reduce disease incidence. This model 
675 provides scenarios and insights of how biological control can be deployed in order to reduce 
676 CMD incidence. Another model looking at the effect that biocontrol can have on virus spread 
677 (Jackson and Chen-Charpentier 2018) used a system of differential equations with delay that 
678 included a parasitoid population that could predate on the virus-spreading vector. This model 
679 shows that predators must be introduced at a certain rate to provide a good level of disease. 
680 Equally, the model shows that periods where less infection is visible may be due to the delay 
681 between infection and symptom development.

682 Phytosanitation and chemical control
683 Phytosanitation can be defined as the activity of improving the health status of cassava 
684 cuttings and decreasing the availability of sources of infection by the removal of diseased 
685 cassava (roguing) and the use of disease-free stem cuttings (Thresh et al. 1998).  In general 
686 most of the modelling work done around the way insecticides and phytosanitation should be 
687 applied has been theoretical, perhaps, to understand what strategies are the most likely to 
688 work and achieve a good level of disease control (Bokil et al. 2019)

689 In the early 1990s several models aiming to inform the control of ACMV spread were 
690 developed analysing the efficacy of methods such as roguing, planting of clean cuttings and 
691 reversion (Fargette et al. 1994). One of these simulation models showed that when reversion 
692 does not occur, and cuttings are not selected preferentially from healthy plants, disease 
693 incidence increased over time. Conversely, when either reversion, cutting selection or both 
694 strategies were adopted, the disease incidence could reach equilibrium values in cassava 
695 resistant varieties. Looking at a more general model of plant virus disease with roguing and 
696 replanting Chan and Jeger (1994) showed through a differential equation model for healthy, 
697 exposed, infectious and post-infectious plant populations that roguing as a form of control 
698 has no advantage when applied in the post-infectious phase but at low contact rates and 
699 when the plants just become infectious roguing can result in disease eradication. This model 
700 also shows that at high replanting rates, the disease is more difficult to eradicate. In this 
701 model however, the vector population is not explicitly considered.

702 Once again we mention the model by (Holt et al. 1997) as besides describing the epidemic 
703 development of ACMV, it examined the efficacy of methods of control such as roguing and 
704 the use of clean cuttings. Their model shows that the use of clean cuttings is effective when 
705 infected cuttings are the main drivers of disease but roguing becomes important when the 
706 disease is vector-driven. Moreover, when infected cuttings were planted in a frequency-
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707 dependent manner, roguing did not reduce disease incidence but it helped preventing the 
708 whole crop from becoming infected. 

709 A model including the transmission mode of the vector was developed to understand what 
710 was the effect of roguing and vector management in disease control (Jeger et al. 1998). The 
711 model is a differential equation SEIR-type (Susceptible-Exposed-Infected-Removed) model 
712 for the host population and a SEI-type (Susceptible-Exposed-Infected) model for the vector. 
713 This model shows that roguing is an effective mean of control only for non-persistently 
714 transmitted viruses, i.e. for viruses that are restricted to the stylet of the vector and can be 
715 transmitted for only a few minutes, and at a low vector-population density. This model also 
716 shows that the best way to prevent an epidemic is to decrease the vector-population density. 
717 Roguing is also ineffective when there is a continuous flow of viruliferous vectors and no 
718 epidemic threshold.

719 A set of compartmental differential equation models focusing on vegetatively propagated 
720 virus diseases and mosaic disease looked at the use of roguing (Chan and Jeger 1994), 
721 continuous cultural control (i.e. replanting and roguing) with a time delay due to disease 
722 latent period (Zhonghua and Yaohong 2014), discrete cultural control (Luo et al. 2015), pulse 
723 roguing with and without a periodic environment (Gao et al. 2016; Rakshit et al. 2019), and a 
724 mixture of insecticide/roguing control (Al Basir et al. 2017; Bokil et al. 2019).  

725 Some of these models are more theoretically focused than others but all provide insight into 
726 the dynamics of the infected and susceptible host populations under different control 
727 scenarios. For example, the model with continuous cultural control (Zhonghua and Yaohong 
728 2014) showed that the most influential factors on the basic reproduction number of the 
729 disease, R0 are the transmission rate and the replanting rate while the population dynamics 
730 is most influenced by the transmission, harvesting and the replanting rate. The model with 
731 periodic environment and pulse roguing (Gao et al. 2016) showed when the infection rate is 
732 high it may be impossible to eradicate the disease by simply roguing, that increasing the 
733 planting rate is bad for disease control and that when compared to impulsive control, where 
734 impulsive control refers to the implementation of periodic replanting of healthy plants or 
735 removing infected plants at a critical time,  continuous control may overestimate infectious 
736 risk. Rakshits' et al. (2019) model is focused on mosaic disease and its’ structure is similar to 
737 the other models mentioned here. However, in this case the model analyses how impulsive 
738 periodic roguing impacts the level of control obtained. This model shows that roguing is most 
739 useful and cost effective in controlling mosaic disease when applied at high roguing rate and 
740 short time intervals. However, as infection rate depends on vector densities, variable roguing 
741 and interval rates should be studied for maximum removal of mosaic disease in fields. 
742 During maximum disease incidence, roguing rate should be higher and time interval shorter 
743 but time interval should increase as eradication process takes place. 

744 (Bokil et al. 2019) developed a model with two different replanting strategies to combat 
745 ACMV when control is administered through roguing and insecticide application. The two 
746 replanting strategies are a) replanting stem cuttings from both, susceptible and infected 
747 plants, and b) infected plants are replanted based on a fixed frequency of selection. The 
748 model showed that optimal control strategies for both replanting scenarios can be found in 
749 both cases, but they differ between each other and are not directly comparable. This model 
750 also shows that a strategy combining roguing and insecticide performs better than single 
751 control. 

752 Insecticide alone is rarely used to control cassava pests in Africa both because it is 
753 expensive to use and the effect would be limited due to the lack of control in neighbouring 
754 plots and the development of insecticide resistance (Seal et al. 2006b). However, insecticide 
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755 spraying as the main pest control resource has been studied in the production of Jatropha 
756 curcas, a close relative of cassava which is cultivated commercially as a biofuel source and 
757 is also affected by mosaic disease. 

758 Venturino et al. (2016) developed a host-vector population model with a temperature-
759 dependent vector population growth. The results of this model show that there is no benefit 
760 in applying insecticide during the first 10 days of the infection, but afterwards spraying 
761 should be applied for 3 months to achieve disease eradication. Insecticidal soaps have also 
762 been used in the control of mosaic disease on J. curcas. These soaps aim to block the 
763 spread of whitefly-borne infection by decrease the number of eggs being laid on a host and 
764 disabling adults from flying (Roy et al. 2015). Roy et al. (2015) used the significant 
765 similarities between mosaic infections of cassava and Jatropha plants to parameterise and 
766 develop a mosaic disease model to investigate the impact of continuous and pulse spraying 
767 strategies for the application of insecticidal soap to eliminate vector population concluding 
768 that  impulsive spraying provides better control than continuous spraying and can lead to 
769 disease eradication. 

770 Al Basir et al. (2018) modelled the spread of mosaic disease with the application of control 
771 through insecticides and nutrients as a function of the level of farmers’ population disease-
772 awareness. Their model shows that an increase in population disease-awareness associates 
773 with a higher level of insecticide use which can then translate in possible disease 
774 eradication. 

775 A model linking ACMV and the whitefly not only included parameters related to spraying and 
776 roguing, but also looked at transmission rates and level of host-resistance (Jeger et al. 2004). 
777 Their analysis indicates that roguing applied once per month in combination with a host 
778 showing a modest level of resustance can lead to disease eradication, while combining only 
779 roguing and insecticide applications is less effective
780
781 These models provide general guidance on how to avoid high replanting rates by using 
782 roguing as a strategy for control while looking for varieties that may decrease transmission 
783 rates. The use of insecticide as a form of pest control in Africa is largely discouraged due to 
784 the high cost it represents to subsistence farmers, the potential negative consequences it 
785 may have in other forms of biocontrol and the development of insecticide resistance if not 
786 well managed (Seal et al. 2006b). Nonetheless, the models presented here show that the 
787 use of insecticide in commercial crops such as J. curcas may lead to disease eradication. 
788 These insights are valuable in the deployment of control options for cassava pests not only 
789 in terms of the disease epidemiology but also in terms of the control application constraints 
790 such as cultivation type (subsistence vs. commercial) geography, environmental and human 
791 factors. A clear example is the application of insecticides for cassava pests. Although 
792 discouraged in Africa, insecticide application for cassava pests control in South Asia may be 
793 a viable option as cassava is a commercial crop in this region.

794 Clean seed systems
795 Transportation and trade networks are important pathways for the spread of pests and 
796 diseases (Brasier 2008; Liebhold et al. 2012), little however has been done in the study of 
797 networks as an aid in the control of spreading pests. Cassava seed systems can be used as 
798 tools for the spread of clean cuttings and thus decrease virus disease pressure in regions 
799 covered by clean-seed established networks.

800 The concept of clean seed systems for vegetatively propagated crops in the context of 
801 disease covers a wide range of aspects amenable to modelling, such as issues of 
802 degeneration, reversion, resistance, vector control, phytosanitation and network analysis 
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803 (Dyer et al. 2011; McQuaid et al. 2016; Delaquis et al. 2018). Despite this, modelling studies 
804 have been infrequent, although some models do exist for other crops such as sweet potato 
805 and potato (Bertschinger et al. 1995; Thomas-Sharma et al. 2017; Andersen et al. 2019).
806
807 Models of cassava seed systems can in the main be separated into those that consider a 
808 single field of clean seed, and those that consider the broader landscape. Models of a single 
809 field (Fargette and Vié 1995; McQuaid et al. 2016; Thomas-Sharma et al. 2017) explore the 
810 circumstances under which a field remains viable, and act as a tool for identifying the impact 
811 of different control strategies. These models do not necessarily need to consider spatial 
812 aspects of disease dispersal (Fargette and Vié 1995; Thomas-Sharma et al. 2017), but 
813 stochasticity may still be important through issues such as weather (Thomas-Sharma et al. 
814 2017) which is relevant for certain cassava diseases. However, the success of seed systems 
815 has also been shown to be highly dependent on external disease pressure (McQuaid et al. 
816 2016; Thomas-Sharma et al. 2017; McQuaid et al. 2017b; McQuaid et al. 2017a), so the 
817 context in which seed systems are located is recognisably important.
818  
819 Such models of more than one field tend to be intrinsically spatial, including networks of 
820 interactions between growers (McQuaid et al. 2017b; McQuaid et al. 2017a), see also 
821 (Delaquis et al. 2018; Andersen et al. 2019). As a result, stochasticity in the network or 
822 spatial structure highlights the importance of variability in the sourcing of cuttings. Here, 
823 modelling has shown that although re-use of supply from within a field, along with small-
824 scale local exchanges, dominates in terms of seed and virus dispersal (Delaquis et al. 2018; 
825 Szyniszewska et al. 2019), the potential for larger-scale movement allows for rapid spread of 
826 virus across a landscape (McQuaid et al. 2017b; McQuaid et al. 2017a). Modelling of 
827 cassava viruses, transmitted both through a whitefly vector and infected cuttings, in this way 
828 requires the consideration not just of a network of interactions or a dispersal kernel, but of a 
829 spatially explicit network in combination with vector dispersal. This is a recent issue that has 
830 begun to be explored in other systems as well (Sumner et al. 2017).
831  
832 As mentioned previously, models of seed systems are intrinsically linked to the shared 
833 effects of improved varieties and phytosanitation (Fargette and Vié 1995; McQuaid et al. 
834 2016; Thomas-Sharma et al. 2017; McQuaid et al. 2017b; McQuaid et al. 2017a) reflecting 
835 reality (Legg et al. 2017).  Indeed, frequent and effective phytosanitation has repeatedly 
836 been shown to be required to maintain these systems (Fargette and Vié 1995; McQuaid et 
837 al. 2016; Thomas-Sharma et al. 2017; McQuaid et al. 2017b; McQuaid et al. 2017a). As a 
838 result, models of seed systems have allowed for aspects of grower behaviour (Thomas-
839 Sharma et al. 2017; McQuaid et al. 2017b; Andersen et al. 2019). While this is clearly 
840 important to the success of seed systems (Legg et al. 2017; Szyniszewska et al. 2019), 
841 modelling of behaviour has rarely been considered outside the field of human disease (see 
842 Funk et al. (2010)) and presents much opportunity for improvement.
843  
844 Finally, while most models of cassava seed systems focus on the effects of disease, one 
845 previous study has considered the intrinsic effect of seed systems on gene flow, from the 
846 perspective of a vegetatively propagated crop compared to a sexually-reproduced grain crop 
847 (Dyer et al. 2011).  This work warns of the risks of rapid introduction of genetically modified 
848 cassava and the possible effect on eradication of deleterious transgenes, highlighting the 
849 risk that regulation of exchange of cuttings could reduce the adaptive potential of the plant 
850 and prove unsuccessful for disease control. The effect of seed systems on the genetic 
851 potential of cassava is an issue where there is therefore much scope for improved modelling.
852
853 Human behaviour in pest control
854 Generally, modelling of pest control is based on the study and understanding of the 
855 epidemiology and spread of the pest, the landscape structure and the abiotic factors. 
856 However, human behaviour is often neglected. Pest control is only successful if it is adopted 
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857 by the farmer. This is factor that has started to become an important aspect to consider 
858 modelling strategies for the optimal control of pests (Milne et al. 2018). In cassava modelling 
859 there are few recent examples of these attempts. 

860 A model by (McQuaid et al. 2017b) defines cassava growers in two categories: loyal growers 
861 (those who obtain cuttings from the same sources over successive seasons) and disloyal 
862 growers (those who obtain their cuttings from different sources). This grower behaviour can 
863 limit or enhance the spread of CBSD. The model shows for example that when growers have 
864 a small number of suppliers or when they use the same suppliers the disease incidence is 
865 lower. Another model from some of the same authors (McQuaid et al. 2017a) studied the 
866 effect that aspects of the disease epidemiology such as disease pressure, communication 
867 among farmers and subsidies contributed to the adoption of improved plant material and the 
868 improvement of disease control.

869 Technology adoption and use of improved varieties by growers accustomed to a certain 
870 variety and taste is studied by Gomez Chamorro (2017). In this study, using a machine 
871 learning algorithm that measures the information that farmers have access to, the degree of 
872 interaction between farmers and their geographical locations, the effect that improved 
873 cassava varieties adoption from some farmers have on their peers. The co-variates used to 
874 understand the probability of adoption include socio-economic characteristics at the farm 
875 and municipality co-variates. This study shows that the average village adoption has a 
876 strong effect on the individual farm adoption. Another important factor is the distance 
877 between adopters and non-adopters. As the distance between these farmers increases the 
878 probability of adoption decreases.

879 Continuing their work on farmers’ knowledge of control interventions, Al Basir and Ray 
880 (2020) developed a model to study the dynamics of CMD with farmers awareness based 
881 roguing and insecticide spraying. Using numerical simulations, they searched for a strategy 
882 of optimal spraying and roguing through media awareness communications for cost-effective 
883 control. They suggest that awareness campaigns through radio and TV can help eradicating 
884 the disease.

885 An interesting approach on how the control of pests and diseases can influence 
886 the behaviour of humans was a study human health population (Burra et al. 
887 2021). In this study, the authors analysed how the cassava mealybug invasion in 
888 Sub-saharan Africa in the 1970 – 1980’s caused yield reductions of up to 80% on 
889 farms and across regions. The study showed that there was an association 
890 between cassava yield reductions, a decrease in birth rates and an increase in 
891 death rates. Once the parasitic wasp A. lopezi was introduced as a form of 
892 biocontrol in 1981, the cassava yields were restored, incrementing food security 
893 and helping to improve human health indices.Final remarks 
894

895 4. Climate change impact on cassava and its’pests
896 How climate change will affect agricultural systems has become a frequently discussed and 
897 studied topic within the scientific community, however, its’ study in the context of agriculture 
898 and the management of agricultural pests is not new (Coakley et al. 1999; Garrett et al. 
899 2011; Jones and Barbetti 2012). In terms of cassava there are some modelling examples as 
900 it has been highlighted that cassava can play an important role in climate change adaptation 
901 in Africa (Jarvis et al. 2012).

902 Global circulation models (Jarvis et al. 2012; El-Sharkawy 2014) were developed to analyse 
903 the impacts of climate change on staple foods. Results showed cassava will have 
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904 remarkable resilience to climatic change, showing the ability to prosper with possible 
905 increases in average surface Earth’s temperatures of at least 1.5ºC or higher in the year 
906 2030 and beyond. Equally, Gourdji et al. (2015) examined the vulnerability in the agricultural 
907 sector due to climate change in Latin America and the Caribbean. Using the EcoCrop niche-
908 based model by (Ramirez-Villegas et al. 2013) they estimated among other crops, the 
909 cassava suitability to climate changes. They found that cassava in most regions from Mexico 
910 to the Andean region and the Southern Cone will maintain and increase its’ suitability due to 
911 the increasing temperatures.

912 Jarvis et al. (2012) also analysed the potential climate impact on whiteflies, CBSD and CM 
913 and how this then could impact cassava through ecological niche modelling. Their findings 
914 show that the geographical distribution of these pests will be impacted with new areas 
915 becoming suitable for them but also that some of the currently suitable areas may become 
916 less suitable. Their overall conclusion is that cassava will be resilient to future climatic 
917 changes providing the African continent with a good option for adaptation in a warmer world 
918 where most staple crops will face challenges. However, models looking at the potential 
919 whitefly distribution at different temperatures (Aregbesola et al. 2019; Aregbesola et al. 
920 2020) point out that, even when climatic stress tends to negatively affect life history traits of 
921 whiteflies, these effects differ with the tolerance and potential climatic changes can modify 
922 the distribution and abundance of whiteflies as well as the environmental suitability for plant 
923 viruses. Moreover, Kriticos et al. (2020) analysed a time series data from East and Central 
924 Africa from 1981-2010 using CLIMEX, a process oriented climatic niche model, to assess 
925 the existing evidence linking climatic changes with B. tabaci abundance. They show that 
926 climatic conditions for the whitefly B. tabaci improved significantly in the areas where the 
927 pandemics had been reported providing some evidence that climatic changes attributed to 
928 the increase of whitefly abundance in East and Central Africa contributed to the increase of 
929 CMD and CBSD. 

930 Additionally, and despite the relevant findings on cassava suitability in a warmer world, 
931 another study analysed 13 climate change models based on the United Nations International 
932 Panel on Climate Change (IPCC) scenarios and looked at the suitability for the 
933 establishment of arthropod pests, thrips and whiteflies, showing that it will  increase in many 
934 regions globally including South America, Southeast Africa, Madagascar, Coastal India and 
935 Southeast Asia (Bellotti et al. 2012). Although cassava is highly tolerant to draughts, a 
936 modelling analysis of cassava production data from Togo from 1978-2009 showed that,  the 
937 most influential abiotic drivers of cassava yield in Togo were total rainfall,  mean temperature 
938 and within-season rainfall variability (Boansi 2017). This study found that, beside other biotic 
939 variables, to increase future cassava yield in Togo, increasing the water supply during the 
940 main season and minimising water and heat stress during the lean season would be 
941 beneficial. 

942 In conclusion, although it has been established that cassava production in a warmer and 
943 drier world is still possible, constraints in cassava production due to rainfall decrease and 
944 temperature changes as well as a potentially more favourable climate for the development of 
945 pests should be accounted for. Breeding varieties tolerant to draught, heat and common 
946 cassava pests and investment in low-cost irrigation systems, as well as a better integrative 
947 pest management system may help in making cassava a very suitable crop for a warmer 
948 and drier future. 
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949 5. Discussion of modelling challenges in the future 
950 understanding of cassava pests
951 Developing resistant cassava varieties that can counter the attacks of one or more diseases 
952 (such as CMD and CBSD) effectively and over time is one of the main focuses to control 
953 diseases. However, little is known about all the dynamics between pathogens and with the 
954 host. 

955 Surprisingly, few modelling studies make use of the rapidly increasing knowledge of the 
956 molecular mechanisms of plant defence against viruses even though they are common in 
957 medical epidemiology (Scherm et al. 2006). R gene-based defences and especially RNA 
958 silencing mechanism are becoming well understood at the molecular level (Calil and Fontes 
959 2017). RNA silencing mechanisms are characterized by the ability of the plant to recognise 
960 and degrade the messenger RNA of invading RNA viruses or cause the methylation of target 
961 gene sequences and the genome of DNA viruses (Waterhouse et al. 1999; Calil and Fontes 
962 2017). Models for this phenomenon on the molecular and cellular level have been 
963 developed. For example, Bergstrom et al. (2003) developed a basic model and showed how 
964 the silencing mechanism is a safeguarded against accidental damage due to activation of 
965 the mechanism by RNAs of the plant itself. Groenenboom and Hogeweg (2008) present a 
966 model that combines viral growth with RNA silencing. Viruses can overcome host antiviral 
967 silencing by encoding diverse viral suppressors of RNA silencing (Díaz-Pendón and Ding 
968 2008). For the silencing suppression (Rodrigo et al. 2011) developed a model showing which 
969 type of suppression would evolve under what conditions.
970 Building such models at the molecular and cellular level into models describing plant level 
971 and even population level dynamics could for example help define ways for breeding for 
972 durable resistance or making durable and efficient use of cross-protection phenomena. In 
973 cross-protection a plant is inoculated with a mild virus strain to provide protection against a 
974 more aggressive virus stain. This is known to be an effective way of disease control. 
975 Neofytou et al. (2016) show that not only viral attributes but also the propagating component 
976 of RNA-interference and suppression in plants can play an important role in determining the 
977 level of protection. The modelled variables are however al at the level of the various types of 
978 infected plants. By adding the molecular level models, it should be possible to develop 
979 criteria about the molecular identity of viruses and that are good candidates for use in cross 
980 protection programs. 
981

982 6. Final remarks
983 Cassava has become a key staple and commercial crop in Africa, South America and South 
984 East Asia, but at the same time has been increasingly threatened by the incursion of 
985 invasive pests and diseases and the development of endemic diseases. The majority of 
986 cassava research has historically focused in the African continent, with records of mosaic 
987 diseases going as far back as the late 1800s (Storey and Nichols 1938). In South East Asia, 
988 cassava had been virtually pest free for most of its history until pests incursions occurred in 
989 the last 10-15 years (Graziosi et al. 2016). This has determined that modelling approaches 
990 follow a similar pattern with a large amount of work developed around the detection, control 
991 and understanding of CMD epidemics in Africa, and more recently also on CBSD. 
992 Nonetheless, as cassava has become a key commercial crop in South East Asia, a large 
993 amount of modelling has been recently devoted to the control of pests such as the CM and 
994 more recently CMD in Asia. 

995 We summarised conceptual models of system dynamics for cassava pests and diseases 
996 considering surveillance and detection, host-pest interactions, dynamics, and methods of 
997 control. We then considered studies looking at the effect of climate change on cassava and 
998 its’ pests, to finally look at research opportunities that can take advantage of molecular 
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999 advances to develop models that can link molecular and cellular knowledge into models 
1000 describing plant and population level dynamics.

1001 Research dedicated to the surveillance of cassava pests has primarily focused on 
1002 developing sampling surveys to determine the incidence, severity and geographical extent of 
1003 the pest, often ignoring the processes determining pest spread. General spatially explicit 
1004 models that can help elucidate the underlying spread of pests and diseases do exist and 
1005 these can help inform future sampling strategies for cassava pests. 

1006 Human-mediated dispersal is also a key component for pest spread in cassava, which has 
1007 received some attention through the analysis of seed networks (Delaquis 2018) but requires 
1008 more research and understanding. Practical constraints to surveillance also play an 
1009 important role in the design of cassava sampling strategies and surveys as lack of trained 
1010 personnel and difficulty of access to cassava locations affect the number of places and 
1011 assessments that can be made (Quinn 2013; Carvajal-Yepes et al. 2019). Novel 
1012 technologies including image-based detection and image processing are tools that can be 
1013 integrated into model-based prediction, citizen science and expert assessment to provide 
1014 better surveillance strategies and programmes. 

1015 Overall, great advances in the field of biosecurity, surveillance and detection modelling have 
1016 been achieved in the last decades, making the detection of cassava pests and diseases 
1017 more efficient. However, these advances are met with the challenge of an enormous 
1018 increase of plant and produce movement between regions, countries, and continents. 
1019 Additionally, socio-economic variables, climatic conditions, as well as local and regional 
1020 customs are often ignored in models. Accounting for these variables is essential for 
1021 surveillance strategies to be effective. These should be integrated into models to improve 
1022 our chance of early control and eradication of cassava pests and diseases that may be 
1023 introduced into new regions. 
1024

1025 In terms of host-pest dynamics and their impact on cassava pest and disease spread, 
1026 several models have been developed over the years. Advances in the understanding of 
1027 vectored disease transmission, vector behaviour and dynamics of pest spread have been 
1028 made. However, more holistic approaches that look at the whole crop system are still 
1029 needed to better understand the interactions and dynamics among host-vectors-diseases for 
1030 viruses and hosts-pests for arthropods. These holistic models could include co-infections, 
1031 genetic and molecular characteristics, climatic variables, socio-economic factors and spatial 
1032 configurations

1033  

1034 Methods of control of cassava disease have largely focused on CMD and to a lesser extent 
1035 on CBSD. These methods have improved understanding of several phenomena such as 
1036 disease spread, management and introduction of clean system networks, resistant varieties 
1037 deployment and phytosanitation. The majority of this work has been developed for the 
1038 characteristics of the African continent where the diseases have been present for much 
1039 longer and where a large proportion of the production system is a subsistence one. The 
1040 cassava crop system in South East Asia differs greatly, as it is often exploited commercially 
1041 with large areas of land planted as monocultures. This means that pests and disease 
1042 dynamics will greatly differ between regions and this is something that modellers should 
1043 consider when developing their models. 
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1044 Modelling studies of CM and CGM have focused on biocontrol methods through the 
1045 introduction of parasitoids where some of the most successful stories of cassava pests 
1046 control can be found.

1047 Modellers have taken little advantage of the fast-growing knowledge on molecular 
1048 mechanisms of plant defence against pathogens. This is a key area that modelling 
1049 approaches should investigate as it will provide insights in the development of resistant 
1050 cassava varieties and their spatio-temporal deployment.  

1051 Finally, a large amount of modelling work has been developed for other host systems, 
1052 covering topics including surveillance, biocontrol, plant-virus epidemiology, molecular biology 
1053 in human epidemics, co-infection dynamics. This knowledge should be taken advantage of 
1054 to improve and advance the methods used for the control and detection of cassava pests. In 
1055 particular, we see an opportunity for the better understanding of plant immune systems 
1056 through the access of the rapidly increasing knowledge of molecular biology of plant and 
1057 pathogens. Additionally, areas looking at the interaction between multiple pathogens and 
1058 cassava hosts due to biotic and abiotic constraints need further development for the better 
1059 management of cassava pests and diseases.
1060
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