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Abstract

Studies addressing the economic impacts of invasive alien species are biased towards ex-post
assessments of the costs and benefits of control options, but ex-ante assessments are also
required to deal with potentially damaging invaders. The polyphagous shot hole borer
Euwallacea fornicatus (Coleoptera: Curculionidae) is a recent and potentially damaging
introduction to South Africa. We assessed the potential impact of this beetle by working across
economic and biological disciplines and developing a simulation model that included dynamic
mutualistic relations between the beetle and its symbiotic fungus. We modeled the potential
growth in beetle populations and their effect on the net present cost of damage to natural forests,
urban trees, commercial forestry, and the avocado industry over 10 yr. We modeled high,
baseline, and low scenarios using discount rates of 8, 6, and 4%, and a plausible range of costs
and mortality rates. Models predicted steady growth in the beetle and fungus populations,
leading to average declines in tree populations of between 3.5 and 15.5% over 10 yr. The
predicted net present cost was 18.45 billion international dollars (Int. $), or about 0.66% of the
country’s GDP for our baseline scenario ($2.7 billion to $164 billion for low and high
scenarios). Most of the costs are for the removal of urban trees that die as a result of the beetle
and its fungal symbiont, as has been found in other regions. We conclude that an ex-ante
economic assessment system dynamics model can be useful for informing national strategies
on invasive alien species management.

Keywords : Ambrosia beetle, biological invasion, economic assessment, Euwallacea
fornicatus, ex-ante decision support



Invasive alien species can have substantial economic impacts, and ecologists are learning that
early proactive management often offers the best way to limit negative impacts, reduce risks,
and save money (Wilson et al. 2017). Given that the number of potentially damaging species
is increasing, it is also necessary to prioritize interventions, and such prioritization exercises
should be based on predictions of potential impact. The potential extent and scale of impacts,
including economic consequences, are unknown during the early stages of invasion, and ex-
post economic assessments (assessments based on actual impacts) are not feasible. It is thus
necessary to provide ex-ante assessments (based on forecasts) to inform prioritization and
policy development.

A recent addition to the list of invasive species that cause major impacts in South Africa is the
polyphagous shot hole borer, Euwallacea fornicatus (Eichhoff) (Coleoptera: Curculionidae)
and its fungal symbiont, Fusarium euwallaceae S. Freeman, Z. Mendel, T. Aoki et O’Donnell
(Hypocreales: Nectriaceae). This ambrosia beetle, native to South East Asia (Stouthamer et al.
2017), has become invasive in California, Hawaii, and Israel (Rabaglia et al. 2006, Mendel et
al. 2012, Rugman-Jones et al. 2020). In South Africa, it was first detected in 2012 (Stouthamer
et al. 2017), and was later found to have been established on London plane trees (Platanus x
acerifolia) (Aiton) Willd. (Proteales: Platanaceae) (Paap et al. 2018). Since then, E. fornicatus
has been found in eight of South Africa’s nine provinces, with some infestations separated by
more than 1,000 km (Fig. 1), making it the largest current outbreak of this invasive pest
globally.
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Fig. 1. Locations in South Africa where the presence of the polyphagous shot hole borer, Euwallacea fornicatus
S. Freeman, Z. Mendel, T. Aoki et O’Donnell, and its fungal symbiont Fusarium euwallaceae (Eichhoff) have
been confirmed (current 29 October 2021).



E. fornicatus constructs galleries in susceptible host trees and inoculates these with its fungal
symbionts (including the pathogen F. euwallaceae) which serve as a primary food source for
E. fornicatus (Eskalen et al. 2013, Freeman et al. 2013, O’Donnell et al. 2015). Once the insect
locates a suitable host tree, successful colonization can lead to Fusarium dieback, a disease that
can be fatal to trees at high levels of injury. As the beetles do not feed directly on the host, any
tree species in which the mutualistic fungus can proliferate may become a potential host. In
South Africa, the fungus has been established on more than 100 plant species, many of which
die as a result (van Rooyen et al. 2021). The hosts include major crops such as avocado (genus
Persia Mill. [Laurales: Lauraceae]), lemon and orange (both genus Citrus L. [Sapindales:
Rutaceae)), fig (genus Ficus L. [Rosales: Moraceae]), macadamia (genus Macadamia F. Muell.
[Proteales: Proteaceacac]), pecan nut (genus Carya Nutt. [Fagales: Juglandaceae]), peach
(genus Prunus L. [Rosales: Rosaceae]), and guava (genus Psidium L. [Myrtales: Myrtaceae])
trees, important plantation forestry trees, and large numbers of native and urban trees, with
urban trees being especially vulnerable (Eskalen et al. 2013).

The international literature shows that E. fornicatus is a particularly vigorous invader. Actual
data on impacts and damage are scarce. E. fornicatus is known to have caused damage to
thousands of trees in southern California (Coleman et al. 2019), where ornamental trees in cities
and towns are most heavily impacted (California Forest Pest Council 2015). However, while
the impacts of these beetles are evident, they remain largely unquantified.

Given that the invasion in South Africa is at an early stage, we know very little about both its
current and potential future spread and impact. Although E. fornicatus is native to equatorial
climates, it has already become established in both temperate (California and Israel) and
tropical (Hawaii) climates. South Africa’s climate is therefore likely to be suitable for the
establishment of this species over an extensive area. Further, the broad range of plant species
in which the beetle and fungus can establish (Gomez et al. 2019) increases the chances of a
suitable host being encountered, thus increasing the chances of successful establishment and
spread (van Rooyen et al. 2021).

There is a strong need to develop economic assessment tools in support of decision-making ex-
ante. Ex-post economic assessments are not an option in the case of potentially high-impact
invaders that are at an early stage of invasion. Ex-ante approaches must include a preliminary
estimation of damages while accounting for dynamics and uncertainty. Developing a robust
understanding of the spread and impact of a high-risk species such as E. fornicatus will require
inputs from both biologists and economists. The lack of data needed for economic analysis,
and the infrequency of collaboration between invasion scientists and economists, seriously
limits our ability to understand and deal with biological invasions. This issue was included in
the top 20 issues pertaining to invasive species management in Europe (Caffrey et al. 2014).
Expert opinion developed through interdisciplinary collaboration can reduce uncertainty in
economic and biological parameters by defining robust ranges for model parameters (Touza et
al. 2007).

In this study, we combined standard economic assessment approaches with expert opinion from
biologists to develop a simulation model for a new and rapidly expanding invasive alien
species. E. fornicatus is characterized by potentially high economic impacts where there is little
information on population dynamics, and uncertainty about spread, impacts, and the efficacy
of mitigation options. Our analysis provides a plausible estimate of the unmitigated spread of
E. fornicatus in South Africa, and its potential economic impacts. The benefit of such an



approach is that it provides evidence to support the development of strategies, policies, and
legislation for dealing with the problem.

Materials and Methods
Modeling Approach

We developed a system dynamics model to simulate the population dynamics of E. fornicatus
and its symbiotic fungus, and how that would affect host tree mortality over time (Fig. 2). The
model is based on Lotka-Volterra equations that mimic the positive and negative feedbacks
between the beetle population, the fungus population, and the mortality of host trees (Fig. 3).
The population size and mortality rate estimates then feed into stock flow models that estimate
the number of trees affected. Separate sets of equations and stock flows were developed for
avocados, black wattles, natural forest trees, and urban trees (Supp. Appendix S1 [online
only]). The system dynamics model was developed in Vensim DSS version 6.4b (Ventana
Systems Inc. 2015). The Vensim modeling package is frequently used for these types of models
(Sterman 2000). The Euler method (Euler 1741) for numerical integration of ordinary
differential equations was used to determine the evolution of the system of equations over time
(Fortunato 2010). The outputs (number of trees affected) were then used in combination with
estimates of the monetary value of costs to estimate the net present value of projected costs per
year between 2020 and 2030.
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Fig. 2. Basic structure of a system dynamics model to estimate the net present cost of invasion by the polyphagous

shot hole borer in South Africa.
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Fig. 3. Causal loop diagram showing the main feedback loops in the Lotka-Volterra model. Feedback loops are
either reinforcing (R, leading to exponential growth or decline) or balancing (B, where the loop converges on a
goal or steady-state).

Selection of Tree Species at Risk

Natural forests, urban trees, commercial forestry, and agricultural tree crops are all under threat
from beetles in the genus Euwallacea Hopkins, 1915 (Coleoptera: Curculionidae) (O’Donnell
et al. 2016, Lynn et al. 2020). We had to focus our study only on those species where basic
information was available, or where we could draw on information from closely-related tree
species from other parts of the world. These were commercial tree crops, plantation trees, trees
in natural forests, and urban trees.

For commercial tree crops, the avocado (Persea americana Mill. [Laurales: Lauraceae]) is the
primary species affected by E. fornicatus. While other trees are known to be affected by E.
fornicatus in other countries, they were excluded from our analysis due to a lack of any
information in a South African context. For commercial forestry, only black wattle (Acacia
mearnsii De Wild. [Fabales: Fabaceae]) is currently known to be a reproductive host for E.
fornicatus in South Africa. Van Rooyen et al. (2021) identified 19 indigenous South African
tree species that were able to maintain breeding populations of E. fornicatus. Studies on
monitoring plots in natural forests in the Western Cape found that 9% of 2195 individual native
trees were infested by E. fornicatus, almost all of which showed signs that they would suffer
dieback and possible death (E. van Rooyen, G. Townsend, unpublished data). Visual surveys
of urban trees in Johannesburg (Gauteng Province), Knysna, George and Somerset West
(Western Cape Province) revealed that nearly all individual Quercus robur L. (Fagales:
Fagaceae) (English oak), Acer negundo L. (Sapindales: Sapindaceae) (box elder) and other
maples (Acer L. [Sapindales: Sapindaceae] species) will die when infested by E. fornicatus, as
well as about half of London plane trees (Platanus x acerifolia). About 50% of the street trees



sampled in the northern suburbs of Johannesburg were London planes (Platanus x acerifolia),
40% were oaks (Quercus L. [Fagales: Fagaceae] species) and < 5% were maples (Acer species)
(M.J. Byrne, personal communication). In Somerset West and Stellenbosch, the dominant
street trees are among the species most highly impacted by E. fornicatus, including English
oak, Acer species, London plane, and Populus L. (Malpighiales: Salicaaceae) species (poplar)
(F. Roets, unpublished data).

Tree Mortality Rates

Some information on infection rates for avocados is available from Israel and California, where
infested orchards showed high branch dieback and mortality (Eskalen et al. 2012, Freeman et
al. 2013), with yield losses of up to 100% reported in some instances (Eskalen 2012). Damage
depended on the susceptibility of the specific variety and on the method of control. Hass is one
of the most susceptible varieties in Israel (Eskalen et al. 2012, Mendel et al. 2017), and is also
one of the most widely planted varieties in South Africa (van Zyl & Ferreira 1995). More recent
observations suggest that avocados may not be as susceptible as originally anticipated, and that
damage could be mitigated through management (Mendel et al. 2017). Coleman et al. (2019)
present data for 128 avocado trees in a Californian grove. While >90% of trees were infested,
only low levels of injury were observed with no resulting mortality, and additional surveys are
required to confirm potential impacts (Coleman et al. 2019). In light of the conflicting reports
and uncertainty regarding the impact of E. fornicatus on commercially-grown avocado in South
Africa, we assumed the loss in production to be in the range of 2—10%, with a baseline of 6%
over 10 yr.

For Acacia mearnsii in South Africa, estimates were made from information on other
Australian Acacia Mill. (Fabalea: Fabaceae) species elsewhere. Coleman et al. (2019) assessed
116 A. mangium Mill. (Fabales: Fabaceae) Willd. trees across six sites in Vietnam and found
<2% mortality, noting that short growing rotations (approximately 7 yr) could limit damage.
Thu et al. (2021) reported mortality rates of 2—5% for Acacia auriculiformis Cunn. Ex. Benth
(Fabales: Fabaceae), A. mangium and Acacia hybrids. The growing rotation for A. mearnsii in
South Africa varies from 8—12 yr (Chan et al. 2015). Based on Thu et al.‘s data, we assumed
the loss in wattle production to be in the range of 2—5%, with a baseline of 3.5% over 10 yr.

In the case of natural forests, the only published assessment of impact comes from Coleman et
al. (2019), who present combined mortality data for ornamental (n = 889) and native (n = 1
594) individual trees from 38 species in California and Asia. Overall, the mortality rate was ca.
6%, but a further 18% of trees showed moderate to severe dieback, indicating that mortality
rates could increase over time. Based on the unpublished data from native forest plots in South
Africa, and the reports from Coleman et al. (2019), we assumed a lower limit of 6% mortality,
an upper limit of 11%, with a baseline of 8.5% over 10 yr.

For urban trees, the Californian data for ornamental and native forest trees (Coleman et al.
2019), and preliminary observations made from E. fornicatus-infested urban areas of South
Africa, suggest that urban tree losses will be in the range of 6-25%, with a baseline of 15.5%
over 10 yr.

Mortality estimates were used to scale up expected losses for urban and natural forest trees by
estimating the number of trees in the country. The number of urban trees in South Africa was
obtained from three urban centers (Johannesburg: Schéffler et al. 2013; Cape Town and
Durban: Treepedia 2020), and scaled up using the World Bank data portal for urban coverage
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in South Africa (CIESIN 2013). Total number of trees in natural forests were estimated from
the extent of forest (Mongabay 2011) multiplied by estimated number of trees per hectare from
NCT Forestry Co-Operative Ltd (2014). For avocados and wattles, the mortality estimates were
used to estimate losses in production, based on estimates of projected production over 10 yr
(see below).

Estimation of Costs

The monetary value of impacts caused by E. fornicatus can be divided into private costs (those
borne by individuals) and external costs (those borne by society at large). The losses for the
commercial forestry and agricultural tree crops would be private costs that come about from
losses in production. In the case of natural forests and urban trees, the loss of ecosystem
services associated with these trees would be nonmarket values, i.e., external costs (Holmes et
al. 2009). Private costs would also come about where dead trees have to be removed. By far
the largest component of these removal costs would come from removing urban trees that were
included in the model. Costs of removal for commercial forestry and agricultural tree crops
were not available and have not been included in the model. Monetary values are expressed in
international dollars (Int. $) in this study, i.e., a hypothetical (average or world) unit where the
national currency is expressed in U.S. dollars, adjusted by the global purchasing power across
all countries (Eurostat and OECD 2007).

The gross production value for avocados (i.e., the mass produced multiplied by the producer
price per ton) has grown over time (Department of Agriculture, Forestry and Fisheries’
Agricultural Statistics, DAFF 2020). The most recently reported value was Int. $127.79 million
for the year 2017/2018 (Supp. Appendix S2 [online only]). Based on the rate of growth in
production, we projected that the price would increase from Int. $21 771/t in 2020 to Int. $31
188/t in 2030.

As with avocados, the gross production value for black wattle has grown over time (Supp.
Appendix S2 [online only]). The volumes of roundwood sales for 2002-2019 were obtained
from Oberholzer and Godsmark (2020), and prices of timber were collected from NCT Co-
operative Limited (Craig Norris, personal communication). Bark prices were obtained from the
Department of Agriculture, Forestry and Fisheries’ Agricultural Statistics (DAFF 2020). Based
on the rate of growth, we projected that the combined roundwood and bark price would grow
from Int. $1,739/t in 2020 to Int.$2,491/t in 2030.

The ecosystem services provided by natural forests include provisioning, regulating,
supporting, and cultural services, and the external costs of losing natural forests include carbon
values and other ecosystem services (Turpie et al. 2017). As local studies on natural forests
were not available, we consulted Brenner et al. (2010) and De Groot et al. (2012, 2013) for
monetary values and transferred these to the South African context by adjusting them following
guidelines on the application of the benefit-transfer method (Saplaco and Francisco 1993).
These included adjustments for exchange rates, inflation, and purchasing power parity (see
Supp. Appendix S3 [online only] for further details). The adjusted total economic values ranged
from Int. $2,111.23 to Int. $6,642.87 per hectare, and a mean value of Int. $4,380 per hectare
was used for the baseline estimate.

The ecosystem services provided by urban trees include atmospheric carbon dioxide reduction,
air quality improvement, storm water runoff reductions, as well as aesthetic, property value,
social, economic, and other benefits. As in the case of natural forests, local studies were not



available, and we consulted studies by McPherson (2003), Peper et al. (2007) and Soares et al.
(2011) to establish values, using the benefit transfer method as above. Economic values for
Platanus x acerifolia (London plane), Fraxinus velutina Torr. (Lamiales: Oleaceae) (Modesto
ash) and Liquidambar formosana Hance (Saxifragales: Altingiaceae) (Chinese sweetgum)
were taken from data in McPherson (2003) for urban trees in Modesto, California. Peper et al.
(2007) provided economic values for the London plane, Chinese sweetgum [which we used as
a proxy for American sweetgum (Liquidambar styraciflua L. (Saxifragales: Altingiaceae))—a
host species of E. fornicatus in South Africa], Quercus palustris Miinchh. (Fagales: Fagaceae)
(pin oak), Q. rubra L. (Fagales: Fagaceae) (northern red oak), and a variety of maple (Acer
species), which are averaged and used as a proxy for Acer palmatum Thunberg (Sapindales:
Sapindaceae) (Japanese maple) which is a host species of E. fornicatus in South Africa. The
minimum economic value of an urban tree is estimated at Int. $8.22 for Chinese sweetgum, as
adjusted from McPherson (2003). The maximum economic value of an urban tree is Int. $44.04
for the London plane as adjusted from Peper et al. (2007). The mean of Int. $25.07 per urban
tree was used as a baseline.

Estimation of Impact

We used the above estimates as input variables into our system dynamics model. Internal
validation was done by the modeler and external validation in a series of interdisciplinary
workshops involving the authors and consultation with many people (see the Supp. Material
(online only) for a full list of validation techniques employed). For each type of tree we
estimated a low, a baseline, and a high value of the net present cost of invasion over the next
10 yr. The low, baseline, and high costs were estimated using discount rates of 8, 6, and 4%,
and low, baseline, and high costs respectively (Table 1). Estimates of mortality rates were
obtained from the assumptions of plausible mortality rates over 10 yr (see above), adjusted to
a mortality rate per month. The three scenarios, therefore, represent best and worst-case
estimates, with the baseline being the most plausible outcome.

Table 1. Values of parameters used in three scenarios to model the cost of lost ecosystem services, and clearing
of dead trees following attack by the polyphagous shot hole borer in South Africa

Type of Discount Mortality rate Clearing cost  Loss of ecosystem services  Value of production Value of production

Sccnario tree rate (%) (% per month) (Int. § per tree) (Int. § per trec) 2020 (Int. § per year) 2030 (Int. § per year)
Low Urban 8 0.9 281.38 8.22 0 0

Forest 8 0.9 0 1.41 0 0

Wartle 8 0.45 0 0 1,739 2,491

Avocado 8 2 0 0 21,771 31,188
Bascline  Urban 3 245 656.55 25.07 0 0

Forest 6 1.3 0 2.92 0 0

Wartle 3 0.65 0 0 1,739 2,491

Avocado 3 2.65 0 0 21,771 31,188
High Urban 4 4.2 3283 44.04 0 0

Forest 4 1.69 0 4.43 0 0

Wartle 4 0.88 0 0 1,739 2491

Avocado 4 3.3 0 0 21,771 31,188

Loss of production was based on ongoing mortality against a background of rising production values between
2020 and 2030.
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Fig. 4. Model outputs (baseline scenario values) for four types of trees predicted to be affected by the polyphagous
shot hole borer in South Africa over the next 10 yr. Column A shows the outputs of a Lotka-Volterra model of
beetle and fungus populations. Column B shows the projected number of trees over the next 10 yr, assuming that
no control takes place. Column C shows the increase in costs resulting from ongoing tree mortality.

Results
Effects on Tree Dieback

The model predicted a steady increase in the E. fornicatus population over the next 10 yr, with
a corresponding increase in the spread of the Fusarium fungus (Fig. 4, panels A1 and A2). We
estimated that there are 255 million urban trees in South Africa. Under the baseline scenario,
urban trees are expected to decline by around 65 million trees over the next 10 yr (Fig. 4, panel
B1). Forest trees are expected to decline by around 50,000 hectares (Fig. 4, panel B2), and
wattles by roughly 140,000 trees over the next 10 yr (Fig. 4, panel B3). Avocado trees are



expected to increase initially as a result of the ongoing establishment of new orchards, but will
decline by around 30,000 trees at the end of the simulation period (Fig. 4, panel B4).

Estimated Net Present Cost

Net present costs will accumulate over time as tree mortality progresses (Fig. 4, panels C1—
C4). The estimated net present cost of the potential spread of E. fornicatus and its associated
fungus in South Africa is Int. $18.45 billion (baseline value, 2019 prices, Table 2). The removal
cost of dead urban trees dominates the estimated unmitigated total social cost values, which
are estimated at Int. $17.51 billion (baseline value). The cost of the invasion in terms of lost
production (wattle and avocados) and the loss of ecosystem services (natural forests and urban
trees) combined is estimated at a further Int. $942.7 million (baseline value). For urban trees,
the social cost of an E. fornicatus infestation is projected to be Int. $18.18 billion; for primary
forests, the social cost of E. fornicatus infestation is estimated at Int. $238 million; for wattle
the cost of E. fornicatus infestation on black wattle is Int. $6.5 million; and for avocados, the
cost of E. fornicatus infestation on production is $28 million (baseline value). The high and
low scenarios suggest that the estimated total social cost associated with a loss of urban trees
due to E. fornicatus infestations could be anywhere between Int. $2.7 billion and Int. $164
billion.

Table 2. Estimated net present costs (millions of 2019 International $) of an invasion by the polyphagous shot
hole borer for three scenarios in South Africa

Scenario

Low (8% Baseline (6% High (4%
Type of trees  discount rate) discount rate) discount rate)
Urban trees 2,630 18,180 163,550
Forest trees 71 238 529
Wattle trees 4 6.5 10
Avoeado trees 19 28 39
Total 2,724 18,453 164,128

Discussion
Relative Magnitude of Predicted Impacts

Our assessment of the baseline unmitigated social cost of E. fornicatus invasion in South Africa
predicts substantial economic losses to the economy and society. Other studies have calculated
economic losses due to ambrosia beetle invasions, but these have been limited to the timber
industry in Canada (Orbay et al. 1994) and in the Southeastern United States (Susaeta et al.
2016), or to forest lands in the United States (Adams et al. 2020). In Florida, the redbay
ambrosia beetle (Xyleborus glabratus, Eichhoff 1877 [Coleoptera: Curculionidae]), along with
its fungal symbiont, the laurel wilt pathogen, caused the mortality of 7,000 avocado trees, or
1% of production area, between 2011 and 2015 (Mosquera et al. 2015). Evans et al. (2010)
estimated that the economic losses to the avocado industry in Florida, in terms of lost sales,
property damage, and increased management costs, could equate to $356 million under a “do
nothing” scenario. Differences in model specifications and selection of economic impacts in
these studies make direct comparisons with our results difficult other than confirming that the
economic costs of ambrosia-type beetle infestations could be substantial for certain sectors.
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National-scale economic assessments on the possible economic impacts of E. fornicatus
invasions are not readily available to inform comparisons between countries. What is useful is
to compare our results to the size of the South African economy as a whole. In 2019 South
Africa’s gross domestic product (GDP) was $351 billion (current prices) (World Bank 2020).
Using the IMF (2021) economic growth forecasts up to 2024 and assuming 2% growth per year
after that until 2030 as well as a constant exchange rate, the net present value of South Africa’s
economy at a baseline discount rate of 6% is calculated at $2.8 trillion. The unmitigated
baseline social cost of $18.45 billion in the case of an E. fornicatus invasion in South Africa
would be in the order of 0.66% of the country’s GDP, or approximately $35 per person per
year in South Africa. These numbers are incomplete estimates; broader indirect and induced
economic impacts are excluded and estimates are, therefore, conservative.

Although the expected costs of an E. fornicatus invasion on commercial black wattle and
avocado are meaningful in the context of the overall value of these sectors, the striking finding
arising out of our analysis is that the loss of urban trees would be by far the largest cost
component at a national level. This finding emphasizes the need for an ex-ante economic
assessment to inform the prioritization of resources at the early stages of a potentially high-
impact invasive alien species. Most of the costs in our model are for the removal of impacted
urban trees, but they also include a loss in ecosystem services provided by urban trees. The
relatively high costs of impacted urban trees due to beetle invasions have also been documented
elsewhere (Aukema et al. 2011). One scenario proposed by McPherson et al. (2017) generated
a projected loss of 11.6 million trees due to an invasive shot hole borer (Euwallacea sp.) in
Southern Californian cities at the cost of removal and replacement of $15.9 billion, and with a
value of ecosystem services foregone over 10 yr of $616.6 million. Kovacs et al. (2010)
estimated that the discounted cost of treatment, removal, and replacement of 17 million urban
trees in case of an invasion of Agrilus planipennis (emerald ash borer) in the United States
would amount to $10.76 billion (discounted 2009 values), a value that was updated to $12.5
billion in a later baseline scenario; these costs do not include estimates of ecosystem services
(Kovacs et al. 2011). The discounted costs per tree in these studies in the United States are
higher, but of the same order of magnitude as our estimates (63.75 million urban trees at a
discounted social cost of $26.7 billion). The higher values in the United States studies can be
explained by several factors such as the inclusion of replacement costs, a differentiation in the
costs of removal across tree sizes, and the possible difference in the costs of urban tree
management in the United States compared to South Africa.

Options for Management

Mitigating the future impact of E. fornicatus in South Africa will be no easy task. Given how
widespread E. fornicatus is, eradication is impossible and management will have to focus on
reducing further spread. Female beetles have a limited flying range (500 m to 2 km), but this
can be aided by the wind to a spread rate of up to 20 km per year (Leathers 2015, Owens et al.
2019). In Somerset West in the Western Cape, E. fornicatus spread at least 3 km from the
putative point of introduction in only three months, and in the opposite direction to the
prevailing winds (F. Roets personal observation). Natural spread can therefore be significant,
but the long-distance spread of E. fornicatus is enabled by the ease of movement of infested
wood and planting material (Grousset et al. 2020). As a developing country, a large proportion
of households in South Africa are heavily dependent on wood for their energy needs (Guild
and Shackleton 2018); this presents a probable pathway for long-distance spread. Recreational
barbecue fires may arguably present an even greater long-distance dispersal risk, as firewood
is often transported over hundreds of kilometers, even into pristine natural environments. The
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trade in infested nursery material may present another significant, although unproven, long-
distance dispersal pathway for E. fornicatus in South Africa. A first step, and likely the most
economical of the potential mitigation factors in curbing long-distance spread of E. fornicatus,
should be to restrict the free movement of potentially infested planting material, wood, and
wood products.

Management options once E. fornicatus has been established are fairly limited. Although there
is currently no known pheromone for E. fornicatus, Quercivorol (an aggregation pheromone
identified for the oak-killing ambrosia beetle Platypus quercivorus Murayama, 1925
[Coleoptera: Curculionidae]) has shown potential as an attractant. It is suitable for monitoring
purposes, and under some conditions, may have value for mass trapping (Byers et al. 2017).
Research is underway to identify natural enemies that may be useful as biological control
agents against E. fornicatus, but to date, no such agent is available for release (Mendel et al.
2017). Even if a potentially suitable agent can be found, it would take at least a decade before
releases could be realized and long before any significant reduction in propagule pressure could
be expected. Within agriculture, an economic management option with some promise is to
follow careful orchard sanitation practices, such as the removal of infested branches from trees
or entire infested trees (Mendel et al. 2017). In essence, this procedure reduces propagule
pressure and reduces the chances of heavy infestations. A similar protocol could also likely
yield good results in forestry plantations. For this reason, we recommend that heavily infested
reproductive host trees in urban settings be removed. These trees are seen as ‘amplifier’ trees
that substantially enhance propagule pressure and thus increase future impacts on neighboring
trees. This approach, however, adds additional costs for the appropriate disposal of infested
material (e.g., chipping followed by composting, incineration, or solarization, Jones and Paine
2015, Chen et al. 2020). Currently, the most promising method of control of light infestations
on individual trees is to apply insecticides and fungicides through direct injection into the tree.
This application method maximizes impact while reducing the chances of environmental
contamination (Eatough et al. 2017, Mayorquin et al. 2018, Grosman et al. 2019). These
methods are currently being investigated in South Africa but are expensive and time-
consuming, and the risk of negative impacts on the environment and humans still remains. A
report by the California Forest Pest Council (2020) highlights that chemical treatment of
infested trees in Orange County currently requires repeated applications (up to three times per
year) using a combination of insecticides and fungicides, and various application methods.
Such chemical treatment is only an option for high-value trees in urban, agricultural, or forestry
settings. It has also been shown that treatment is only beneficial during the early stages of
attack; once trees are heavily infested, chemical treatments are ineffective (Mayorquin et al.
2018).

Developing a Strategy

A strategy to protect the standing stock of especially urban trees, but also agricultural and
commercial forestry species, against invasion is in the best interest of national-level
policymakers, municipalities, and citizens. As a consequence of urban tree invasion by the
emerald ash borer, for example, municipal forestry budgets in the United States increased
noticeably, but with less spending on urban tree care (pruning, watering, fertilization) and
safety training (Hauer and Peterson 2017). With municipalities in South Africa struggling with
limited resources and weak accountability, it is unrealistic to expect that budgets for urban tree
management could be increased substantially without impacting on the provision of other
municipal services (Auditor-General South Africa 2019). The implication is that much of the
unmitigated costs of E. fornicatus invasion will be borne directly by citizens through
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expenditure on tree removal and by a loss of urban tree ecosystem services while dead and
impacted trees are replaced by trees that would not be suitable hosts for E. fornicatus. Several
studies have indicated that the additional costs of managing the standing stock of susceptible
urban trees to prevent these from being infested weigh up favorably against the additional
benefits provided through ecosystem services (McPherson 2003, McPherson et al. 2017).
Similar empirical studies are required for South African urban tree species in various
municipalities to provide a rationale for the proactive management of susceptible trees.

A coordinated strategy to deal with E. fornicatus in South Africa will require a revision of
legislation and the creation of policies relating to biological invasions. Currently, there is no
coordinated management of invasive species in urban ecosystems (Potgieter et al. 2020), a
critical oversight. More generally, the lack of overarching national government policy on
biological invasions in South Africa has been highlighted as an important gap (Lukey and Hall
2020), resulting in insufficient intergovernmental coordination among environmental
authorities and other organs of state responsible for biological invasions (Zengeya and Wilson
2021). The governance of invasive species in general, and E. fornicatus in particular, would
require active collaboration between various spheres of government and enhanced involvement
of private actors. For example, given the multiple sectors affected by E. fornicatus, cross-
sectoral coordination will be essential on aspects such as movement, removal, and disposal of
infested wood and the destruction of heavily infested reproductive host trees (Paap et al. 2020).
A national strategic framework has recently been developed to achieve this and has been
endorsed by national government departments (Christie 2020). It aims to facilitate E. fornicatus
management in urban and peri-urban environments by supporting municipalities in the removal
and safe disposal of heavily infested reproductive hosts. It provides a plan for stakeholder
engagement and a public awareness campaign, and highlights the need for ongoing monitoring
and research to underpin management strategies. A barrier is that E. fornicatus is not yet listed
under South Africa’s invasive and alien species regulations, but emergency listing of E.
fornicatus has been proposed (Zengeya and Wilson 2021). E. fornicatus has, however, been
declared a quarantine pest of agricultural host plants under the Agricultural Pests Act 1983
(Act No. 36 of 1983) (Zengeya and Wilson 2021), and control measures were recently gazetted.
The amendment of California’s Invasive Species Bill to include invasive shot hole borers
(California Legislature 2018) has supported the management of these species in California’s
urban and natural forests (Coleman et al. 2019). It is hoped that similar actions in South Africa
will support the development and implementation of control measures against this damaging
invasive species.

Limitations

There are several limitations to the analysis and modeling presented in this paper. Although we
believe that our collaborative interdisciplinary approach has produced a set of robust ranges in
the modeling parameters, large uncertainties remained, especially pertaining to urban tree
invasion and management. Work is needed to gather empirical data on the private costs of not
only the removal but also the treatment and replacement of impacted urban trees, as well as
local values for ecosystem services. The benefit-transfer method we have used to estimate the
ecosystem values of urban trees is accepted in environmental economic literature but is seen as
the next-best solution when no local valuation studies are available. Another limitation is the
selection of tree species for our analysis. Although we believe that a focus on avocados, wattle,
primary forest, and urban forests accounts for most impacts at the national level in South
Africa, there may well be other substantial impacts. Pecan (genus Carya), macadamia (genus
Macadamia), castor oil (genus Ricinus L. [Malpighiales: Euphorbiaceae]), and litchi (genus
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Litchi Sonn. [Sapindales: Sapindaceae]) were not included as there is no evidence yet to suggest
there will be major impacts. Blackwood (Acacia melanoxylon R.Br. [Fabales: Fabaceae]) has
a potential 5% mortality rate due to E. fornicatus but no economic data are currently available
so this species was not included in our model. For wattle and avocado, we counted only the
private costs. The external costs due to E. fornicatus were assumed to be zero, but this is not
correct as loss of trees on private land does have negative societal impacts. However, we do
not think the loss of these commercial and agricultural trees would have a large societal loss
beyond the loss in production value. Finally, it must be noted that the analysis was not an
economy-wide damage assessment. Such an assessment would need to include indirect and
induced effects throughout the broader economy.

The system dynamics model used provides flexibility when dealing with both qualitative and
quantitative interdisciplinary inputs, and provides a strong modeling architecture for simulating
alternative outcomes when key parameters are changed. The aim is to build a model following
an interactive process until sufficient confidence is generated in the model outputs that these
may be deemed usable. A limitation of this modeling approach is that the mutualism model
selected assumes an exponential increase in E. fornicatus and Fusarium populations. Over our
10-year modeling horizon, we feel that this probably produces reasonable estimates of
population growth. However, if the time frame of the model was extended, the assumption of
exponential growth would be unrealistic. E. fornicatus and Fusarium are likely to reach
carrying capacity at some stage if left unchecked. However, we have no reliable information
to assume when and how this will happen, hence our choice of a time frame of a maximum of
10 yr. Rigorous testing of the model was precluded by a lack of data, but validation is reported
in Supp. Appendix 1 (online only).
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