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Supplementary Figures 
 

 
Supplementary Figure 1 | No relationship between annual cost rate and year of 

applicability for goods and services estimates (a, b) and human health estimates (c, d). 

The left-hand panels (a, c) include all estimates regardless of reproducibility, whereas 

the right-hand panels (b, d) only include costs for which estimates can be verified 

(‘reproducible’). All costs expressed as annual 2014 US dollars. 
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Supplementary Figure 2 | Summary of goods and services costs due to invasive insects 

by expenditure type (i.e., measured/reported estimates, modelled extrapolations, 

unknown). The top panels (a, b) indicate the number of estimates examined per 

category, whereas the bottom panels (c, d) summarise by total cost (2014 US$). The left-

hand panels (a, c) include all estimates regardless of reproducibility, whereas the right-

hand panels (b, d) only include costs for which estimates can be verified 

(‘reproducible’). 
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Supplementary Figure 3 | Summary of human health costs due to invasive insects by 

expenditure type (a, b) and expenditure target (c, d). The left-hand panels (a, c) include 

all estimates regardless of reproducibility, whereas the right-hand panels (b, d) only 

include costs for which estimates can be verified (‘reproducible’). All costs expressed as 

annual 2014 US dollars. 
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Supplementary Figure 4 | Human health costs due to invasive insects by expenditure 

type (a, b) and expenditure target (c, d) relative to the number of estimates made within 

each category. The left-hand panels (a, c) include all estimates regardless of 

reproducibility, whereas the right-hand panels (b, d) only include costs for which 

estimates can be verified (‘reproducible’). All costs expressed as annual 2014 US dollars. 
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Supplementary Figure 5 | Sums of costs per region (regional aggregations from Fig. 

2a,b and 3a,b) due to invasive insects relative to the number of estimates made for 

goods and services (a, b) and human health (c, d). The first column includes all 

estimates regardless of reproducibility (a, c) whereas the second only includes costs for 

which estimates can be verified (‘reproducible’) (b, d). All costs expressed as annual 

2014 US dollars. 
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Supplementary Figure 6 | By-species sums of costs due to invasive insects relative to 

number of estimates made for goods and services. The left-hand panel (a) includes all 

estimates regardless of reproducibility, whereas the right-hand panel (b) only includes 

costs for which estimates can be verified (‘reproducible’). All costs expressed as annual 

2014 US dollars. 
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Supplementary Figure 7 | Regional cumulative costs due to invasive insects relative to 

the number of estimates for goods and services costs for all estimates (a, c, e, g, i, k) and 

reproducible-only estimates (b, d, f, h, j). For a given year t , we summed all values 

(costs and number of estimates) up to t. We fitted linear (lin), exponential (exp), 
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logarithmic (log) and logistic (lgs) models to each curve to examine evidence for 

asymptotic behaviour (identified by the dominance of a logarithmic or logistic model). 

The top-ranked model in each case is indicated in red (fitted line and model 

performance characteristics – see also ‘Sampling bias’ in the Supplementary Methods). 

Models could be fitted to estimates for Europe (a, b), North America (c, d), and Oceania 

(e, f) only (the logistic model for reproducible-only estimates in Europe failed to 

converge). Shown are the Akaike’s information criterion (AIC) weights (wAIC ≈ relative 

model probability) and explained deviance in the data (%DE ≈ coefficient of 

determination) for each model and region/category. All costs expressed as 2014 US 

dollars. 
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Supplementary Figure 8 | Regional cumulative costs due to invasive insects relative to 

the number of estimates for human health costs for all estimates (a, c, e, g, h) and 

reproducible-only estimates (b, d, f). For a given year t , we summed all values (costs 
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and number of estimates) up to t. We fitted linear (lin), exponential (exp), logarithmic 

(log) and logistic (lgs) models to each curve to examine evidence for asymptotic 

behaviour (identified by the dominance of a logarithmic or logistic model). The top-

ranked model in each case is indicated in red (fitted line and model performance 

characteristics – see also ‘Sampling bias’ in the Supplementary Methods). Models could 

be fitted to estimates for North America (a, b), Asia (c, d), and South America (e, f) only. 

Shown are the Akaike’s information criterion (AIC) weights (wAIC ≈ relative model 

probability) and explained deviance in the data (%DE ≈ coefficient of determination) for 

each model and region/category. All costs expressed as 2014 US dollars. 
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Supplementary Figure 9 | Benefit (potential and observed) categories associated with invasive species.
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Supplementary Tables 
 

Supplementary Table 1 | Model fits to cumulative cost curves.  

 

MODEL 

goods & 

services 

(all) 

goods & 

services 

(reproducible) 

human health 

(all) 

human health 

(reproducible) 

wAIC     

linear < 0.001 0.650 < 0.001 < 0.001 

exponential < 0.001 0.001 < 0.001 < 0.001 

logarithmic < 0.001 0.003 < 0.001 < 0.001 

logistic 0.999 0.346 > 0.999 > 0.999 

     
%DE     

linear 93.1 91.0 97.3 97.2 

exponential 78.7 80.1 93.3 92.3 

logarithmic 82.4 82.1 73.1 72.5 

logistic 96.5 91.5 99.5 99.2 

 

 

Akaike’s information criterion weights (wAIC) and percentage deviance explained 

(%DE) for four models fitted to cumulative costs and estimates curves for goods and 

services and human health costs arising from invasive insects (for both ‘all estimates’ 

and ‘reproducible-only estimates’ separately). 

 

 

Supplementary Notes 

 

Supplementary Note 1 
 

Direct versus indirect health costs. The economic burden of dengue and chikungunya 

has three components: (1) illness, (2) surveillance and control, and (3) indirect costs. 

However, few studies have dealt with or attempted to evaluate indirect costs. Health 

and wealth are closely linked, with life expectancy related to wealth, vector-borne 

diseases related to poverty, and dengue epidemics most likely to arise and persist under 

conditions commonly created as a result of low income1-3. Recent chikungunya 

epidemics in India highlight the impact these have on people from low socioeconomic 

backgrounds4 as 80% of those affected were below the poverty line of US$1 person-1 

day-1. Poverty is therefore an important determinant of chikungunya infection. 

Chikungunya infection exacerbates the problems of poverty because it entails additional 

health-care expenditure and loss of income due to lowered productivity, thereby 

reinforcing the poverty-ill-health nexus5. Other ways in which the disease affects the 

economy are through a reduction in productivity at work (due to fatigue, weariness, 

absence and the care of family members and associates) and loss of investments. It has 
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been estimated that the 2005-2006 chikungunya epidemic in La Réunion resulted in a 

loss of just under one economy growth point (0.9) in that year6,7.     

As well as decreasing the productivity of affected populations, epidemics are likely 

to impact tourism heavily, a mainstay of many economies. For example, as a result of the 

serious outbreak of chikungunya in La Réunion in 2005 and 2006, which affected about 

300,000 people, tourism on the island dropped by 30% in 2006, with the loss of 500 

salaried jobs7. The estimated costs of chikungunya in terms of a 4% decline in tourists 

from non-endemic countries resulted in a substantial loss of tourism revenues of at 

least US$8 million for Gujarat, US$65 million for Malaysia and US$363 million for 

Thailand8. The estimated immediate annual cost of chikungunya and dengue to these 

economies is approximately US$90 million, US$133 million and US$127 million, 

respectively8. Another indirect cost related to control is personal protection. In La 

Réunion, household expenditure for protection against Aedes spp. mosquitoes over a 

one-year period has been extrapolated to US$28.05 million (range: US$25.58—30.76 

million)9. In India, the annual expenditure on personal protection measures in urban 

areas amounts to 0.63% of per-capita income10.  

Other indirect effects of epidemics include the impact on the blood-supply system, 

as revealed by studies of the chikungunya epidemic in Italy11 and the West Nile virus 

epidemic in the USA12, and the cost of vaccination when available, as for yellow fever13. 

Finally, we did not account for the impact on quality of life. For example, it has been 

estimated that the tiger mosquito Aedes albopictus prevents 59.5% of residents from 

enjoying outdoor activities at least to some extent14. Additionally, these indirect (and 

direct) costs could be much larger considering the current epidemic of the Aedes-borne 

zika virus (that has caused around 5000 microcephaly cases in Brazil), with direct 

medical cost of $91,102 per microcephaly case and lifetime15, and with huge indirect 

costs on tourism, personal protection, etc. not yet estimated. 

For the studies we examined, none estimated only indirect costs; in fact, 78.8% of 

all studies and 92.7% of the reproducible-only studies included both direct and indirect 

costs that could not be separated. 

 

Supplementary Methods 
 

Expenditure types and targets. We categorized goods and services costs according to 

their expenditure type (i.e., estimates, extrapolations, unknown) to determine to what 

extent summaries relied on projected versus measured elements (Supplementary Fig. 

2). Even though most studies were measured estimates (all studies: 65.9%; 

reproducible-only studies: 61.7%), the sum of the total costs were dominated by 

modelled extrapolations (all studies: 74.7%; reproducible-only studies: 87.5%) 

(Supplementary Fig. 2). 

We also categorized health costs according to their expenditure type (i.e., 

estimates, extrapolation, estimate+extrapolation, interview, modelling, survey, 

survey+estimate, unknown) and expenditure target (i.e., control, medical care, 

control+medical care, desensitization therapy, unknown) (Supplementary Fig. 3). In 

contrast to the goods and services categorization, this shows clearly that most health 
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care costs are estimates (65.5% for all studies; 77.3% for reproducible-only studies) 

targeting medical care (75.2% for all studies; 87.6% for reproducible-only studies). 

However, there is still the sampling problem identified with the regional sums — total 

amounts per category tend to increase with an increasing sampling effort (i.e., number 

of studies) (Supplementary Fig. 4). For expenditure type, most studies [74/116] are 

predictably ‘estimates’, mostly (59/116) targeting medical care. 

 

Sampling bias. Plotting cost sums against the number of estimates available reveals a 

potentially strong sampling bias (i.e., the more studies done and cost estimates made, 

the higher the total estimated costs). Expressing this as regional sums for both goods 

and services and human health costs reveals a strong, positive relationship 

(Supplementary Fig. 5) 

We also expressed global cumulative costs due to invasive insects relative to the 

number of cumulative estimates for goods and services- and human health-related 

costs, and for all estimates and reproducible-only estimates. We summed the 

cumulative values for year t up to t globally and displayed the relationship between 

cumulative costs and the associated number of cumulative estimates (Fig. 4). There 

were clear step changes in the cost estimates driven by the occasional high-cost 

estimate (Fig. 4). 

To examine whether the cumulative costs were approaching some sort of 

asymptote that might indicate a slowing in the acceleration of estimated damages, we fit 

four simple functions to the cumulative curves: (i) linear:  (where y = cost, 

x = number of estimates, and β0, β1, … are fitted coefficients); (ii) 

exponential: ; (iii) logarithmic: ; and (iv) logistic: 

. For each category (goods and services; human health) and type 

(all; reproducible-only), we calculated Akaike’s information criterion (AIC = log-

likelihood + 2k, where k = number of model parameters) weights (wAIC — relative AIC 

standardised to sum to 1 across all models considered) as an index of relative model 

probability16,17, and the percentage deviance explained (%DE) as an index of goodness-

of-fit (analogous to a least-squares R2 value) for each model. Our hypothesis was that if 

the costs demonstrated a slowing in the acceleration of cumulative values, the 

logarithmic or logistic models would have more support and explain more of the 

deviance in the data. 

In most cases (reproducible-only goods and services costs being the exception), 

the logistic was clearly the most supported model for the global cumulative curves 

(Supplementary Table 1).  

For reproducible-only goods and services costs, however, the linear model had the 

most support (wAIC = 0.650), indicating only weak evidence for an asymptotic-cost 

threshold. This result, combined with the large difference between the ‘all’ and 

‘reproducible-only’ goods and services estimates, suggests that global goods and 

services costs in particular are grossly underestimated due to under-sampling, and that 

globally we are still in the initial phases of total cost estimation. 

It is important to note that the evidence for asymptotic cumulative costs does not 

necessarily imply that all costs have been adequately measured; rather, it only indicates 
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that the costliest components of most major invasive insects have been estimated first, 

followed by lower costs associated with new areas becoming invaded or new insect 

pests being introduced to novel areas. The series of plateaus we discovered in many of 

the better-sampled series also indicates that there are step changes in the cumulative 

costs, and that future plateaus beyond the upper ones identified are still likely. 

We also applied the four-model fitting procedure to the accumulated costs within 

each region (for regions with adequate sampling to fit the models – see below). For 

goods and services costs, we again fitted the linear, exponential, logarithmic and logistic 

models to estimates from Europe, North America, and Oceania (Supplementary Fig. 7); 

for human health costs, we fitted the models to estimates from North America, Asia, and 

South America (Supplementary Fig. 8) (all other regions had ≤ 4 cumulative estimates 

for which deemed model fitting statistically dubious). 
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