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Abstract 17 

BACKGROUND 18 

Huanglongbing (HLB) is the most devastating disease associated with citrus, transmitted by its 19 

principal vector Diaphorina citri, the Asian citrus psyllid (ACP). At present, the only effective action 20 

against this pathosystem is vector management. Owing to the severity of HLB, vector management 21 

mostly relies on highly frequent insecticide applications. While this strategy may be able to 22 

maintain the economic viability of citrus operations in the short term, it raises numerous concerns 23 

for the development of D. citri insecticide resistance as well as further impacts to human health 24 

and environmental sustainability. 25 

The present study estimates and allocates HLB management costs resulting from the loss of ACP 26 

conservation biological control (CBC) within vector intensive insecticide management regimes. 27 

Scenarios under different degrees of CBC were simulated and vector populations were estimated. 28 

Conservation biological control costs were calculated by subtracting the total HLB related costs of 29 

the scenarios with high ACP BC to those of the scenarios with no or low BC. 30 

RESULTS 31 

We have estimated that an agroecosystem without an effective CBC management program for the 32 

suppression of ACP would result in the predicted economical loss ranging from $1150 to $2000 per 33 

hectare. The proposed model translates to a total economic loss of approximately $300 million to 34 

Florida’s citrus industry per season (36.42% of total Florida processed oranges production value). 35 

CONCLUSION 36 

These results help to identify the long-term viability of the HLB management strategies currently 37 

implemented and highlight the urgency of finding a definitive and sustainable solution to HLB. 38 
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1. Introduction 41 

Post-Green Revolution pest management in agriculture has evolved in the last decades 42 

from mostly intensive pesticide-based approaches to more sophisticated tactics in which the 43 

integration of different management tools seek to minimize pesticide inputs. The rising concerns 44 

about the deleterious effects of these compounds in agroecosystems as well as in human health or 45 

natural environment are the main forces driving the change of paradigm1. The concept of 46 

Integrated Pest Management (IPM) was first proposed in the late fifties at the University of 47 

California where the main principles of Integrated Control were founded. This was then later 48 

developed into a more refined philosophy in the seventies1-3. The profundity in which IPM 49 

approaches are applied have been unevenly adopted in agriculture4. The holistic nature of IPM 50 

demands an extensive knowledge of the agroecosystem in order for it to be successfully 51 

implemented. Insufficient knowledge of the ecological processes which modulate the pest 52 

demography5-7 and the shortages of economic evaluations to the benefits of IPM implementation 53 

are the main causes of its shortcomings1,4.  54 

Of all the management tools available in IPM, biological control (BC) seems to be the most 55 

important and the one with the highest returns on investment8. Although only a few studies have 56 

sought to assess the economic viability of BC9. Attempts to monetize this important ecological 57 

service prove to be extremely valuable. In the United States, a conservative estimate of the 58 

benefits derived from natural pest control was at $4.5 billion per year10. The difficulties in 59 

translating the benefits of BC in agriculture into economic terms typically leads to 60 

underestimations of its true value. 61 



The BC strategy which has the potential to contribute the largest benefits for agricultural 62 

production is the preservation of natural enemies associated with that given agroecosystem4. 63 

Cultural and pest management practices aimed to increase natural enemy abundance and 64 

functional diversity are known collectively as conservation biological control (CBC). The effective 65 

implementation of CBC requires detailed knowledge of the agroecosystem6. Economic benefits 66 

resulting from CBC are even harder to estimate than those obtained from other BC approaches 67 

and are therefore commonly ignored4,11. 68 

Citrus agroecosystems have been recognized to harbor rich complexes of natural enemies 69 

that can effectively reduce economic injury of most phytophagous arthropods associated with the 70 

crop12. Comprehensive studies on this system have facilitated the development of complex and 71 

successful IPM programs that are considered paradigmatic in modern agriculture6,13,14. 72 

Huanglongbing (HLB) or citrus greening disease is the most important and economically 73 

devastating disease associated with citrus crops15. Huanglongbing is caused by a fastidious, gram-74 

negative, phloem-limited α-protobacteria of the genus Candidatus Liberibacter, which affect 75 

phloem transport, produce root dysfunction, reduce foliar density in the tree canopy and 76 

ultimately impacts citrus production16,17. Huanglongbing is vectored by two insects of the 77 

Superfamily Psylloidea: the Asian citrus psyllid (ACP), Diaphorina citri Kuwayama (Hemiptera: 78 

Liviidae), and the African citrus psylla, Trioza erytreae Del Gercio (Hemiptera: Triozidae). When no 79 

measures are taken, trees render unproductive within 5-10 years15. In areas where either of the 80 

vectors and the disease converge, the former immediately becomes a key pest18,19.  81 

 At present, there are no commercial varieties nor rootstocks resistant or tolerant to HLB20. 82 

Neither exists an economically viable or socially accepted curative remedy that completely 83 

eliminates the bacteria from the plant. However, recent studies have demonstrated that 84 

productivity of infected trees can be maintained at sustainable levels, at least in the short-term, 85 



when specific agronomic measures are taken. Among them, preventing new bacterial re-86 

inoculations through the suppression of infective vectors can drastically reduce the rapid decline 87 

of the tree and extent its productivity21,22. Hence, effective action against this disease, whether it is 88 

present or not, can be achieved through efficient vector management. Current, vector 89 

management programs rely on frequent insecticide applications aimed to keep ACP numbers as 90 

close to zero as possible23-25. This reactive approach helps reduce the progression of vector 91 

populations, movement, and infection rates. Although this may maintain the economic viability of 92 

citrus operations in the short or medium term, this approach is costly, will greatly hinder the 93 

development of IPM approaches, and raises concerns about human health and environmental 94 

sustainability26. 95 

 Numerous efforts to develop more sustainable HLB management tactics have been 96 

recently addressed, especially in citrus growing areas like Florida, where both the vector (ACP) and 97 

the disease are wide spread27. Operative and easy sampling methods have been developed28,29, 98 

conservative yet effective insecticide programs are being implemented24,30,31, and area-wide vector 99 

monitoring programs are coordinated to help farmers synchronize pesticide applications in local 100 

“citrus health management areas” (CHMAs)32. There have also been proposals for economic 101 

thresholds strategies in cases of moderate-to-high HLB incidence21,33 and for BC approaches for 102 

vector management25,31,34-36. 103 

Despite all these efforts, there is a lack of a comprehensive economic evaluation of the 104 

potential impacts of intensive ACP insecticide programs commonly used in citrus agroecosystems. 105 

This makes it challenging for farmers to understand the actual costs of these strategies and their 106 

long-term viability. The present study estimates and allocate HLB management costs resulting 107 

from loss of or significant impairment of ACP biological control as a consequence of intensive 108 

insecticide programs in citrus growing areas under high HLB incidence. For this purpose, a model 109 



that projects ACP populations throughout the season under different pest management scenarios 110 

was made using relevant information in ACP ecology, which includes interactions between 111 

insecticide-ACP and insecticide-ACP-BC, and production thresholds5,21,30,31,37. Costs in citrus 112 

production associated with intensive ACP management scenarios, where BC was either eliminated 113 

entirely or significantly reduced ,were calculated and compared to the costs associated with 114 

scenarios where ACP-BC was present, to estimate the economic value of this ecological service. 115 

2. Material and methods 116 

2.1 Study site 117 

The economic cost of impairing CBC in ACP insecticide management programs was 118 

estimated using information retrieved through several studies conducted between 2010 and 2013 119 

in a 10.3 ha commercial citrus grove belonging to Bob Paul Inc. near LaBelle, Florida, US 120 

(26°41’04’’N, 81°26’20’’W), with an HLB incidence of 99% of infected trees5,21,29,31. During the 121 

study, several degrees of ACP insecticide control were tested in a replicated design and all other 122 

citrus operations were carefully chosen to minimize interferences with the experimental design21. 123 

The design also included plots where no ACP insecticide control was applied.    124 

2.2 Test scenarios 125 

 Scenarios under three different degrees of CBC (no, low and high) and two insecticide 126 

management strategies (monthly calendar and action threshold applications21,24) were simulated. 127 

Predation was considered the only CBC mortality factor significantly affecting ACP populations 128 

since parasitism rates caused by natural occurring Tamarixia radiata (Hymenoptera: Eulophidae) 129 

were observed to be very low in Florida in previous studies31. 130 

In each scenario, ACP populations were projected throughout the season by considering 131 

that generations are restricted to the major flushing periods of the season, when vital resource for 132 

nymphal development is hyper-abundant5. Four major flushing events per season (F1, F2, F3 and F4) 133 



were identified in the study site between 2010 and 20135,21. The most important flushing event in 134 

terms of ACP abundance was the first annual flushing event (F1), identified at end of the winter. 135 

February 5 was estimated as the peak day for this event5,21. The second major flushing period (F2) 136 

occurred in mid-spring, with May 15 as the estimated peak day. The third major flushing event of 137 

the season (F3) was identified at the beginning of the summer, estimated to peak on July 8. The 138 

final major flushing event of the season (F4) was identified at the end of the summer, and 139 

estimated to peak on August 31. 140 

For each major flushing events ACP adult growth rates were estimated by comparing adult 141 

populations before and after the flushing period in the plots under no insecticide vector 142 

management (equation 1)31. 143 

(1) 𝜆𝑖 =  
𝑛𝑖−𝑛𝑖−1

𝑛𝑖−1
 144 

Where λi is the ACP adult growth rate for the major flushing event i, ni is the ACP adult abundance 145 

after this event and ni-1 is the ACP adult abundance prior to the flushing event, both abundances 146 

expressed as adults per stem-tap and tree31. The non-linear relationship obtained by Monzo et 147 

al.31, equation (2), at the study site, between ACP growth rates and ACP immature predation rates 148 

was used to estimate ACP growth rates for each major flushing period in scenarios of no, low and 149 

high predation rates. 150 

(2) 𝜆𝑖 = 37.49 ∙ 1.058−𝑟𝑖 − 0.53  151 

Where ri is the estimated percentage of immatures in a cohort that died before reaching the adult 152 

stage owing to predation, measured through exclusion experiments31. 153 

Asian Citrus Psyllid growth rates for high predation scenarios (high CBC) were simulated 154 

using the maximum predation rates observed by Monzo et al.31 in 2011, in plots where no 155 

insecticide management was applied (estimated immature predation rates of 48.1-91.3%). Growth 156 



rates under low predation scenarios (low CBC) were obtained from plots under a regime of 157 

monthly calendar insecticide, in 2011, when ACP conservation biological control was observed to 158 

be significantly impaired (estimated immature predation rates of 15.6-88.0%). Growth rates 159 

observed in plots under intensive insecticide regime where predation services were absent, as in 160 

F1 in 201231, were used to simulate the no conservation biological control (no CBC) scenario 161 

(estimated immature predation rates of 0.0%) (table 1). To simplify the model, ACP emigrations 162 

were considered equal to immigrations. While this assumption may not be true for every citrus 163 

grove, it can be assumed in a quasi-isolated system, such as the Florida peninsula, where no 164 

exchange of ACP populations between areas hosting ACP are expected, or in homogeneous 165 

systems, under similar management strategies, where emigrations would compensate 166 

immigrations. Mortality which occurs between major flushing periods due to intrinsic biology of 167 

the species was considered negligible, and compensated in part by the presence of marginal ACP 168 

generations associated with minor flushing activity31. Therefore, in the absence of insecticide 169 

application, ACP adult abundance (n) between major flushing events (Fi - Fi+1) was considered as 170 

constant. 171 

The season was marked as having begun subsequent to the winter insecticide application 172 

(first dormant season application, Dm1), which is highly recommended for ACP management 173 

irrespective of their populations30. In the study site, between 2010 and 2013 the mean date of 174 

application was January 12. Asian Citrus Psyllid adult abundance at the beginning of the season 175 

(n0) was measured as the number of ACP adults per stem-tap and tree observed just after this first 176 

dormant application. For the simulations presented here, we used both data collected at the study 177 

site between 2011 and 2013, as well as from CHMA program32. Data from the study site included 178 

160 stem-taps conducted approximately 14 days after the dormant spray in the plots under 179 

insecticide management (study site scenarios). The CHMA program data included 50 stem-taps per 180 



block from 6,666 blocks monitored on January 16 and February 24, 2012; January 28 and March 8, 181 

2013; January 20 and February 28, 2014; and January 12 and February 20, 2015) (CHMAs 182 

scenarios).  183 

The growing season was considered to begin with the first mayor flushing event (F1) 22 184 

days after the beginning of the season, marked by the first dormant season application.  It 185 

concluded with the recommended second dormant season application (Dm2), which in the study 186 

between 2010 and 2014 averaged on December 18 (340 days after the beginning of the season)31. 187 

Qureshi et al.37 reported greater than 70% efficiency on 20 commercial ACP adult 188 

management products available in Florida and applied via ground foliar application. Insecticide 189 

application was, therefore, simulated with the average ACP adult efficacy reduction (84%) of those 190 

20 products.   191 

 Asian Citrus Psyllid seasonal abundance for each simulation was expressed as the 192 

cumulative number of adults per stem-tap, tree and season (Kseason) and was calculated as the area 193 

under the curve defined by adult abundance (n) throughout the season (figure 1). Specifically, ACP 194 

adult cumulative number (K) for each period of constant n was calculated as (n ∙ d), where d is the 195 

time, expressed in days, between the beginning and the end of each period. Consequently, Kseason 196 

could be expressed as ∑ K. 197 

2.3 ACP insecticide management strategies 198 

In simulations that followed a monthly calendar insecticide application approach during 199 

the growing season, the season began with a winter insecticide application (Dm1) and had 10 200 

insecticide applications during the growing season (C1-10).  Applications were applied on the days 201 

30, 60, 90, 120, 150, 180, 210, 240, 270 and 300 of the simulation. The second dormant season 202 



spray (Dm2) was dated at day 340. In monthly calendar simulations, applications were done 203 

irrespective of ACP densities. 204 

Simulations that followed the threshold approach used the method proposed by Monzo 205 

and Stansly21 in which the same two dormant season applications (Dm1 and Dm2) are always 206 

conducted, irrespective to ACP densities.  However, the decision to spray during the growing 207 

season (between F1 and Dm2) is determined by ACP densities. The method balances estimated 208 

yield loses by the  vector (ACP adult cumulative number, KT) with the predicted management costs 209 

of the two dormant season applications, ACP monitoring and first growing season application. 210 

Once the calculated KT is reached, a new KT is re-calculated that would include costs of a new 211 

growing season insecticide application (table 2). 212 

2.4 ACP yield losses 213 

Yield losses, expressed as US dollars per hectare, caused by ACP and associated with each 214 

simulation were obtained using the equation proposed by Monzo and Stansly21 for groves under 215 

high HLB incidence.  The equation relates the amount of vector throughout the season, expressed 216 

as the ACP adult cumulative number per stem-tap, tree and season (Kseason), with the yield losses 217 

caused by the presence of this pest (3). 218 

(3) 𝐶 = 𝑃 ∙ 2014.5 ∙ (
3.39∙𝐾𝑠𝑒𝑎𝑠𝑜𝑛

1+
3.39∙𝐾𝑠𝑒𝑎𝑠𝑜𝑛

21.8

) ∙ 100−1 219 

Where C is the monetary value, expressed in $/ha, associated to the yield loss resulting from a 220 

seasonal amount of vector Kseason, and P is the orange juice price paid at the harvest, expressed in 221 

$/kg of solids.  222 

2.5 ACP insecticide management costs 223 



ACP insecticide management costs were divided into total costs of each dormant season 224 

insecticide application, total costs of each growing season application, and management costs 225 

associated to ACP monitoring. Total costs of insecticide applications included material costs and 226 

application costs38. For dormant season applications, total costs were estimated at $75 per 227 

hectare, and for growing season applications, at $130 per hectare21. Seasonal ACP stem-tap 228 

sampling monitoring costs were estimated at $141 per hectare21. Asian Citrus Psyllid monitoring 229 

costs were only included in those simulations using the economic threshold approach in which the 230 

decision of spraying depends upon ACP densities. 231 

2.6 Conservation biological control costs 232 

 Total seasonal costs associated to the HLB pathosystem ($ per hectare) were calculated 233 

for each simulation by summing the estimated ACP insecticide management costs and the yield 234 

losses caused by the ACP cumulative number generated by each simulation. 235 

 Costs ($ per hectare) attributed to the loss effective regulation of ACP populations by BC 236 

agents in mature oranges groves under high HLB incidence, with production destined to process, 237 

were estimated by subtracting the total HLB related costs of the scenarios with effective CBC 238 

services to the total HLB related costs of the scenarios with no or low CBC services and under the 239 

insecticide monthly calendar regime. 240 

 Estimated annual costs in Florida ($ per season) for not considering CBC in ACP 241 

management for mature orange groves under high HLB incidence were obtained by multiplying 242 

estimated costs per hectare by the total number of hectares in Florida citrus growing area that 243 

were under similar growing conditions as in our study site39. 244 

3 Results 245 

3.1 Seasonal projections of ACP populations 246 



Higher seasonal ACP cumulative numbers (Kseason) were obtained in simulations where CBC 247 

regulation was absent. On the contrary, lower Kseason were given in simulations where ACP biotic 248 

mortality attributed to CBC was high during the major flushing events (Figure 2). 249 

Asian Citrus Psyllid abundance at the beginning of the season (n0) was a determinant 250 

factor on the progression of pest populations throughout the season, irrespective of the existing 251 

degree of CBC. Scenarios with very low n0, such as the ones given at the study site in 2011, 2012 252 

and 2013 (Table 3), resulted in low Kseason, whereas scenarios with higher n0, as the ones 253 

representing the average ACP densities obtained at the beginning of the season through the 254 

CHMAs scouting, yielded higher seasonal ACP cumulative numbers (Figure 2 and Table 3).  255 

The insecticide management strategy during the growing season also had an influence on 256 

Kseason. However, the efficacy on controlling ACP densities of each strategy varied depending on n0 257 

and the degree of CBC. While monthly calendar insecticide management approaches were the 258 

most efficient at reducing ACP densities where no was very low, the threshold ACP management 259 

approach was the most efficient at higher n0 and especially when CBC was effectively reducing ACP 260 

populations (Figure 2 and Table 3). 261 

3.2 ACP yield losses and insecticide management costs 262 

 Simulations in the absence of CBC resulted in greater yield losses, while high CBC 263 

regulation reduced yield losses (Table 3).  264 

Yield losses associated to with ACP in scenarios under monthly calendar insecticide 265 

applications were lower than those under the economic threshold approach when at very low no.  266 

However, if the initial ACP densities were not so low, this trend was inverted. 267 

 The highest ACP management costs were observed under the monthly calendar insecticide 268 

strategy. Only simulations using the threshold approach with a higher n0 in the absence of CBC had 269 



similar management costs as the calendar approach. On the other hand, high CBC scenarios had 270 

ACP management costs up to five times lower than the calendar approach (Table 3). 271 

In mature orange groves, with the presence of ACP and under high HLB incidence, citrus 272 

production costs associated with ACP management (sum of ACP management costs and HLB 273 

related yield losses) were lowest when CBC was high and this service was exploited through the 274 

use of the threshold management strategy. On the contrary, total costs were highest when a 275 

monthly insecticide applications program was followed, and CBC was absent. Although some 276 

scenarios following the monthly calendar insecticide program resulted in lower Kseason than in 277 

similar scenarios under the threshold approach.  The extra costs of the calendar insecticidal 278 

program almost never compensated the lower ACP yield losses of calendar insecticide simulations. 279 

Only scenarios under very low no (those presented by the study site) which followed the threshold 280 

approach, but assuming CBC was absent, resulted in higher total losses than the equivalent 281 

scenarios under the monthly insecticide calendar approach. 282 

3.3 Conservation biological control costs 283 

Total loss of CBC services for the regulation of ACP resulted in predicted economical losses 284 

of approximately US$2000 per hectare per season where n0 was low (CHMAs scenarios).  In very 285 

low no simulations (study site scenarios), approximate economic losses of US$1150 per hectare per 286 

season were predicted (Table 4). Partial loss of CBC services, as observed by Monzo et al.31, under 287 

intensive insecticide management and low n0, resulted in approximate predicted losses of 288 

US$1650 per hectare per season. In simulations with very low n0, approximate losses of US$970 289 

per hectare per season were predicted. 290 

During the 2014-2015 season, Florida State utilized 150,710 hectares for processed orange 291 

production39, with an average density of 0.047 ACP adults per stem-tap at the beginning of the 292 



season (CHMAs, 2016).  As such, the proposed model estimates total economic losses of not 293 

harnessing CBC benefits for ACP management at US$303 million per season (36.42% of the total 294 

economic value of mature orange production destined to be processed that season) (Table 4). 295 

These losses total US$235 million per season (28.20% of the total economic value of mature 296 

orange production destined for processing that season) at the levels that ACP CBC have been 297 

observed to be reduced in the last years in Florida31. 298 

4 Discussion 299 

The study represents one of the few comprehensive economic evaluations for assessing 300 

specific ecological costs associated with the intensive insecticide management program commonly 301 

used to control the spread of HLB in the citrus production, one of the of the most important fruit 302 

crops in the world. It focuses on the impacts related to the loss of effective ecological services 303 

derived from natural enemies that help sustain the productivity of citrus agroecosystems, without 304 

the need for costly input. Haunglongbing is considered the most damaging citrus pathosystem 305 

across the world40, but the prevalent intensive insecticide control strategy disregards CBC services 306 

which are pivotal for herbivore vector regulation6,13. Our evaluations provide evidence that the 307 

loss of natural ACP pest regulation services would significantly impact the economic viability of the 308 

citrus industry in regions where HLB is present.  309 

The economic costs of the loss of pest regulation services by CBC for the suppression of 310 

ACP is just a small fraction of the total ecological impact associated with an effective CBC strategy 311 

and its potential economic value. Citrus agroecosystems harbour a highly abundant and diverse 312 

complex of natural enemies able to effectively regulate populations of multiple herbivorous 313 

species, including key crop pests, through complex trophic interactions6,13. Intensive insecticide 314 

management of ACP strongly affects natural enemies and threatens to disrupt these inter-trophic 315 

interactions. Demographic outbreaks of herbivorous pests that had been effectively regulated by 316 



their natural enemies, prior to the HLB epidemic in Florida, are now frequently reported41. 317 

Classical biological control of ACP using the imported parasitoid T. radiata has also been 318 

implemented as an alternative vector management strategy36,42. Programs using this approach 319 

have not always been successful in citrus growing areas under intensive insecticide control. The 320 

frequent exposure to insecticides is hypothesized as one of the main causes of this low success 321 

rate42. 322 

Projections of ACP populations simulated in this study through the different scenarios 323 

show how varying levels of CBC, vector densities, and insecticide management strategies are all 324 

determinant components in the evolution of pest populations throughout the season. The use of 325 

more selective plant protection products must therefore be one of the main pillars of any ACP 326 

management program. Insect Resistance Management (IRM) strategies would also be essential to 327 

reduce the risk of insecticide resistance development in ACP43. Results also underline the 328 

importance of effective ACP control during the winter, before the beginning of the growing 329 

season. Small differences in ACP adult densities before the first major flushing event are 330 

determinants of how populations will develop and affect productivity. Uncontrolled abiotic 331 

factors, such as environmental variables or specific grove management practices, are known to 332 

have a direct effect on the seasonal evolution of ACP populations5. Despite the limitations of the 333 

proposed model for predicting these influences, we think that our projected scenarios, based on 334 

parameters obtained from several field studies conducted in large commercial groves and under 335 

robust experimental designs5,21,31,37, offer an accurate and sufficient representation of how 336 

insecticide treatments are interacting with CBC in mature commercial oranges groves with high 337 

rates of HLB infected trees, the most common scenario in Florida. 338 

According to our modelling, ACP management based on action thresholds21 can benefit 339 

production in two different ways i) by adjusting the timing of insecticide applications and 340 



therefore making them more effective than in calendar insecticide approaches and ii) by re-341 

incorporating CBC control as a pest regulating factor by maintaining natural enemy populations 342 

and sustaining their habitat thanks to the reduction in frequency of insecticide application. These 343 

two benefits ultimately would translate into even lower number of insecticide applications 344 

throughout the season, which result in reduced management costs but also in reduced impacts in 345 

CBC. 346 

In conclusion, the study offers a new perspective for managing the threat of HLB in citrus 347 

by highlighting the impact that loss of CBC has on the effective regulation of its most important 348 

insect vector. The loss of this agroecosystem service results in annual costs of millions of dollars to 349 

the Florida citrus industry that remains being overlooked. The evaluations presented here did not 350 

include costs derived from the loss of other ecological services incurred under ACP insecticide 351 

management, nor with negative impacts to the environmental or human health. Hence, a yet 352 

more comprehensive evaluation of all the costs involved in common cultural practices and 353 

chemical control measures are needed to fully understand how we can best ameliorate the severe 354 

impact that HLB is causing the citrus industry. All of this should lead us to question the long term 355 

viability of the current HLB management strategies and further highlights the urgency of finding a 356 

cost-effective and sustainable solution to HLB. 357 
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Table 1. ACP growth rates (λi) calculated for different predation rates through equation (2) during 479 

the four major flushing periods of the season (Fi) in three simulated scenarios: i) scenario of high 480 

ACP predation rates (high CBC), as observed in plots under no insecticide management in 2011; ii) 481 

low predation rates (low CBC) as observed in plots under monthly insecticide applications in 2011; 482 

and iii) no predation (no CBC) as observed during the first major flushing event (F1) in plots under 483 

monthly insecticide applications during 2012 season. 484 

 485 

 486 

 High predation Low predation No predation 

  λi 
Predation rate 

(High CBC) λi 
Predation rate 

(Low CBC) λi 
Predation rate 

(No CBC) 

F1 1.95 48% 15.02 16% 36.96 0% 

F2 -0.31 91% 0.16 71% 36.96 0% 

F3 -0.12 80% 0.27 68% 36.96 0% 

F4 0.73 60% 1.34 53% 36.96 0% 

 487 
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Table 2. ACP adult cumulative numbers (KT) that would trigger insecticide applications during the 489 

growing season because ACP insecticide management costs balance yield losses associated to the 490 

presence of ACP in mature orange groves under high HLB incidence. Management costs include 491 

total costs of dormant season and growing season applications, and ACP monitoring costs. Data 492 

were generated using the model proposed at Monzo and Stansly18 to determine economic injury 493 

levels for insecticide ACP control. 494 

  
ACP insecticide 

management costs ($/ha) 
ACP cumulative number 

(KT) 

2 dormant + 1 growing-season 421 1.4 

2 dormant + 2 growing-season 551 2.0 

2 dormant + 3 growing-season 681 2.7 

2 dormant + 4 growing-season 811 3.5 

2 dormant + 5 growing-season 941 4.4 

2 dormant + 6 growing-season 1071 5.6 

2 dormant + 7 growing-season 1201 7.0 

2 dormant + 8 growing-season 1331 8.8 

2 dormant + 9 growing-season 1461 11.1 

2 dormant + 10 growing-season 1591 14.3 

 495 

  496 



Table 3. Insecticide ACP management costs ($/ha), HLB-ACP yield losses ($/ha), and total losses ($/ha) associated to the presence of ACP and its 

management, in mature orange groves for fruit processing under high HLB incidence predicted for different scenarios. Two ACP management approaches 

were used: i) vector control using action thresholds as proposed by Monzo and Stansly18; ii) vector control following a monthly insecticide calendar. Two ACP 

densities at the beginning of the season (n0) were tested: i) very low ACP populations, study site simulations; ii) low ACP populations, CHMAs simulations. 

Three degrees of BC were tested: i) high CBC; ii) low CBC; iii) no CBC. Total number of insecticide applications throughout the season and projected seasonal 

ACP cumulative numbers (Kseason) are also presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Management approach Source of Data CBC degree Initial ACP (n0) 
Total # 
sprays 

Seasonal ACP adult 
cumulative (Kseason) 

Management 
costs ($/ha) 

HLB-ACP yield 
losses ($/ha) 

Total losses 
($/ha) 

Threshold approach 

CHMAs 2012 

High 0.057 5 2.77 681 694 1375 

Low 0.057 6 3.73 811 846 1657 

No 0.057 11 11.61 1461 1484 2945 

CHMAs 2013 

High 0.068 5 2.81 681 701 1382 

Low 0.068 6 3.00 811 733 1544 

No 0.068 11 11.78 1461 1492 2953 

CHMAs 2014 

High 0.050 5 2.75 681 690 1371 

Low 0.050 6 3.69 811 840 1651 

No 0.050 11 11.50 1461 1492 2953 

CHMAs 2015 

High 0.047 5 2.74 681 688 1369 

Low 0.047 6 3.67 811 837 1648 

No 0.047 11 11.45 1461 1479 2940 

Study site 2011 

High 0 2 0 291 0 291 

Low 0 2 0 291 0 291 

No 0 2 0 291 0 291 

Study site 2012 

High 0.002 2 1.37 291 405 696 

Low 0.002 4 2.27 551 602 1153 

No 0.002 9 7.74 1201 1259 2460 

Study site 2013 

High 0.005 3 1.83 421 512 933 

Low 0.005 5 2.76 681 693 1374 

No 0.005 10 8.95 1331 1342 2673 

Calendar approach 

CHMAs 2012 
Low 0.057 12 13.74 1450 1570 3020 

No 0.057 12 39.85 1450 1985 3435 

CHMAs 2013 
Low 0.068 12 16.32 1450 1654 3104 

No 0.068 12 47.35 1450 2030 3480 

CHMAs 2014 
Low 0.050 12 12.20 1450 1510 2960 

No 0.050 12 35.40 1450 1951 3401 

CHMAs 2015 
Low 0.047 12 11.48 1450 1478 2928 

No 0.047 12 33.31 1450 1932 3382 

Study site 2011 
Low 0 12 0 1450 0 1450 

No 0 12 0 1450 0 1450 

Study site 2012 
Low 0.002 12 0.38 1450 128 1578 

No 0.002 12 1.10 1450 336 1786 

Study site 2013 
Low 0.005 12 1.13 1450 345 1795 

No 0.005 12 3.29 1450 780 2230 



 

 

Table 4. Estimated economic costs ($/ha) of totally losing CBC control services (no CBC) or having this ecological service reduced by intensive insecticide 

programs at the levels observed in Monzo et al. (2014) (low CBC) in mature orange groves under a high HLB incidence, with production destined for 

processed, and estimated annual economic costs ($/season) for Florida State of losing CBC benefits for ACP management in groves under high HLB 

incidence.  

 

 

Source of Data CBC costs $/ha (no CBC) CBC costs $/ha (low CBC) 

CHMAs 2012 2060 1645 
CHMAs 2013 2098 1722 
CHMAs 2014 2030 1589 
CHMAs 2015 2013 1558 
Study site 2011 1159 1159 
Study site 2012 1090 882 
Study site 2013 1297 863 

Florida annual CBC costs ($/season) 303,388,123 234,865,930 



Figure Legends 

Figure 1. Seasonal ACP adult cumulative number (Kseason) expressed as the area under the 

curve of ACP adult abundance (n). Time is expressed in days (d). Season begins with the first 

dormant season spray (Dm1). Growing season starts with the first major flushing period (F1) 

and finishes with the second dormant season spray (Dm2). No insecticide applications are 

conducted during the growing season in this representation. Changes on n through each major 

flushing period Fi are given by ACP adult growth rates (λi). Dormant season applications are 

hypothesized to reduce n by 84%. When no applications are conducted and between major 

flushing events, n is considered as constant. 

 

 

  



Figure 2. Seasonal projections of ACP cumulative numbers (K) throughout a season under 

different scenarios. Two management strategies were simulated: A) Insecticide control during 

the growing season based on ACP abundance using the economic threshold strategy proposed 

by Monzo and Stansly18; B) Insecticide management of ACP during the growing season 

irrespective to their abundance, following a calendar of monthly applications. For each of 

these two management strategies, scenarios with very low ACP densities at the beginning of 

the season (n0), study site scenarios, and with higher no, CHMAs scenarios, were simulated. 

Three degrees of CBC were also tested: i) presence of high ACP CBC; ii) CBC reduced by 

insecticide applications, low CBC; iii) inexistent CBC, no CBC. The management approach based 

on monthly calendar sprays did not have simulations with high CBC. F1, F2, F3 and F4 indicate 

the time of the four major flushing events, when new ACP generations are given. Dates of 

insecticides applications on each scenario are indicated by (*). At the economic threshold 

management strategy (A), horizontal grey lines indicate the K values that trigger insecticide 

applications during the growing season. 
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