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ABSTRACT Taro (Colocasia esculenta (L.) Schott) plays a prominent role in the economies and
cultures of PaciÞc Island countries such as Fiji. Unfortunately, taro is highly susceptible to invasion
from taro beetles, which burrow into the corms and weaken the plants, rendering them unmarkable
and prone to rot. Papuana uninodis Prell, an invasive alien species that is native to the Solomon Islands
and Vanuatu, was Þrst reported on Viti Levu (FijiÕs largest island) in 1984. Since that time, taro
production on Viti Levu has fallen substantially. In this paper, we employ data from surveys of
households and communities to document the impacts of P. uninodis on Viti Levu. We then identify
three management approachesÑchemical controls, cultural controls, and switching from taro to
another staple cropÑand conduct a costÐbeneÞt analysis of each. We Þnd strong arguments for
pursuing chemical control,whichderives a net present value ofmonetisedbeneÞts of about FJ$139,500
per hectare over 50 yr, or �FJ$21 for each FJ$1 spent. Still, any of the three management options is
more efÞcient than no management, even without any attempt to quantify the beneÞts to biodiversity
or forest protection, underscoring the value of actively managing this invasive alien species.
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Taro (Colocasia esculenta (L.) Schott) is a perennial
aroid with a starchy, edible corm and large, edible
leaves that grows in areas of high rainfall. Rich in
vitamins (particularly vitamin B6 and vitamin E) and
trace minerals (particularly manganese, phosphorus,
and potasium), taro is believed to be among the ear-
liest cultivated plants (Lebot and Aradhya 1991) and
was a prominent staple of the Greek and Roman em-
pires (Leach 1982). Originating in India and Bangla-
desh, taro spread to the Mediterranean via East Africa
and Egypt, eventually reaching West Africa and the
Caribbean. It also spread eastward throughout South-
east and East Asia (Plucknett 1976, Kuruvilla and
Singh 1981) and into the PaciÞc, from Papua New
Guinea to HawaiÕi.

Although the precise pathway and date of its arrival
is the subject of debate (e.g., Whistler 1991, Hather
1992, Matthews 2003, Horrocks and Bedford 2005),
taro has been present in the PaciÞc for centuries.
While Nigeria is the worldÕs largest producer, taro
represents a signiÞcantly larger share of the diet in
Melanesia andPolynesia (Onwueme1999). Following
the signiÞcantmigration of Samoans, Fijians, Tongans,
and other PaciÞc islanders in recent decades, taro has
also become a signiÞcant export crop, as taro con-
sumption features prominently in group identity
(Spickard et al. 2002). For example, the value of the

10,000 tons of Fijian taro exports to Australia and New
Zealand in 2009Ñwhich combined have more ethnic
Tongans than Tonga and nearly as many ethnic Sa-
moans as SamoaÑwas estimated to be FJ$20 million3

(McGregor et al. 2011).4

Taro is of cultural signiÞcance in the PaciÞc Island
region. It is also used widely in traditional medicine,
particularly for treating stomach disorders (e.g., Cam-
bie and Ash 1994). Indeed, so important is taro to
PaciÞc identity that taro plants feature on the coins of
Samoa and Tonga and is celebrated annually on Taro
Day in Fiji.

Unfortunately, taro in the PaciÞc is under threat
from taro beetles, Papuana and Eucopidocaulus spe-
cies, with eight of the 19 known species recorded as
major pests (Thistleton 1984, Waterhouse and Norris
1987).Adult tarobeetles burrow into the cormsof taro
and other aroids, leaving tunnels that degrade the
marketable yield of the corm by up to 67% (Lal 2008)
and that make the plant susceptible to fungal infec-
tion. Newly planted taro is susceptible to death while
vigour and growth are retarded in established plants
(Autar and Singh 1988). While taro beetles have been
shown to attack other crops, including sweet potato,
yams, tannia, sugarcane, banana, coconut, tea, cocoa,

1 These authors contributed equally to this study.
2 Corresponding author, e-mail: brownp@landcareresearch.co.nz.

3 At the time of writing, FJ$1 � US$0.53.
4 Notably, taro exports in Fiji took off only after the invasive patho-

gen taro leaf blight (Phytophthora colocasiae) decimated SamoaÕs taro
crop beginning in 1993 (Hunter et al. 1998).
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and coffee, the value of damage is relatively low (Lal
2008), although Onwueme (1999) observes that such
attacks potentially set back plant growth.

Fieldsmaynot be replanted in taro after infestation.
Hence, new forest areas is cleared for taro production,
causing considerable hardship to taro farmers who
must not only clear new land but also travel farther
fromhome to tend their Þelds. Interest in taro farming
has thus declined, and substitute crops have replaced
taro as a staple in diets in several countries in which
taro beetles are present (e.g., Bourke 2012).5 In ad-
dition to this social hardship, clearing forests for new
taro plots also contributes to deforestation and reduc-
tion of natural habitats, potentially reducing biodiver-
sity.

Global trade and international travel have allowed
sometarobeetle species toestablish inplaces that they
could not have reached on their own. One example is
PapuanauninodisPrell,which is native to the Solomon
Islands and Vanuatu but which was Þrst reported in
Fiji in 1984 (Biosecurity Authority of Fiji 2014). P.
uninodis has become established on Viti Levu, FijiÕs
largest island, extending from Sigatoka eastward to
Tailevu and northward to Ra Province. It has recently
also been found in Ovalau and Gau (Biosecurity Au-
thority of Fiji 2014). Yields of marketable taro from
infestedÞelds fell precipitously, causingproductionof
export-grade taro to shift to Taveuni (Lal 2008).6

P. uninodis is an invasive alien species (IAS) that
seriously threatens FijiÕs agriculture-based economy,
environment, ecology, and cultural wellbeing. Never-
theless, scientiÞc evidence demonstrates that many
IAS may be managed and that their impacts may be
reduced through prevention, eliminated through
eradication, or reduced through control (e.g., Veitch
et al. 2011). Quantifying the threat posed by P. uni-
nodis, documenting practices for managing the spe-
cies, and understanding the costs and beneÞts of var-
ious management options in Fiji may thus help
decision makers to make more informed policies for
managing this species and to set priorities for manag-
ing P. uninodis relative to other IAS.

Combining primary-source data collected via
matched household and community surveys in Viti
Levu, Fiji, with scientiÞc reviews of the biology and
ecology of P. uninodis, we Þnd that many farmers have
stoppedgrowingcrops in severely affectedareaswhile
others have switched production to alternative crops.
We further Þnd that Fijian farmers consider taro bee-
tles to be extremely problematic and that the average
household would volunteer 11 h per week to fully
manage this IAS.

We also conduct a costÐbeneÞt analysis (CBA) of
three distinct management interventions for taro bee-

tle in Fiji, including switching to cassava, implement-
ing “cultural control” such as crop rotation and other
best practices in crop management, and increasing
insecticide use. We Þnd that insecticides are both
effective (as measured by the total net present value
of the intervention) and efÞcient (as measured by the
ratio of beneÞts to costs), making this a clear strategy
formanagingP. uninodis.Cultural control is somewhat
less effective than insecticides but entails a signiÞ-
cantly higher cost, making this management option
less efÞcient. Switching crops yields the lowest eco-
nomic gain but is nevertheless strictly more efÞcient
than the baseline of no management at all.

The remainder of this article is organized as follows:
“Biology of P. uninodis” describes the biology of P.
uninodis; Sections “Survey Research Methods” and
“Survey Results” describe the survey research meth-
ods and results, respectively. Sections “Cost-BeneÞt
AnalysisMethodology”and “Cost-BeneÞtAnalysisRe-
sults” present our approach to CBA and the results,
respectively. A sensitivity analysis is undertaken in
“Sensitivity Analysis,” and “Summary” concludes.

Biology of P. uninodis

P. uninodis eggs are laid in decaying organic matter,
where they are incubated for twoweeks before hatch-
ing.Larvaemolt 3Ð5 timesover the following19Ð22wk
to eventually become 35Ð40 mm long. At this stage,
larvae burrow chambers into the soil around the nest-
ing area, in which they pupate for three weeks before
emerging as adult beetles. Adult P. uninodis taro bee-
tles are black, shiny, horned, and 15Ð20 mm in length
(Macfarlane 1987, Autar and Singh 1988).

The elytron hardens in 1Ð2 wk, after which taro
beetles glide to taro Þelds, where they feed and mate.
Adult females stay in taro Þelds for 4Ð6 wk before
departing to lay �140 eggs over the next 27 wk, half of
which survive. Adults live for up to 22 mo in total (Lal
2008).

As with other biological invasions, total population
is assumedto followa logistical growth function(Cook
et al. 2010). Daigneault and Brown (2013) refer to the
populationdynamicsdescribedabove tocalculate that
carrying capacity is reached �20 yr after establish-
ment and that the population growth parameter is
�0.5. Thus, the population growth curve may be writ-
ten:

Nt�1 � Nt � 0.5Nt�1 �
Nt

100� [1]

where N is the population of P. uninodis (as a per-
centage of carrying capacity) and t is the time period
measured in years.

Several biocontrols for taro beetle have been pro-
posed and tested. For example, the Orytes virus was
found to have high adult-to-adult transmission rates,
but the persistence of the virus was found to be very
low (Zelazny et al. 1988). The nematode Steinernema
glasseri was shown to be effective against larvae (but
not adults); however, nematode trials havebeen aban-

5 Declining soil fertility and the threat of taro leaf blight may also
dissuade farmers from planting taro.

6 Taro produced on Taveuni is the pink Tausala ni Samoa (Taro
niue) cultivar favored by the Samoan diaspora. After years of steady
growth, exports from Taveuni have declined in recent years, in the
face of declining land productivity, increasing costs, and market ac-
cess issues. We thank an anonymous referee for bringing this to our
attention.
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doned due to the difÞculty of introducing them into
beetle breeding areas (Theunis et al. 1997). The fun-
gus Metarhizium anisopliae is a well-known pathogen
of beetles that has beenusedeffectively inpasture and
sugarcane (Milner 1992, Rath 1992). Studies have
shown that M. anisopliae can remain infective in soil
for over 1yr andcangrowsaprophytically (Milner and
Lutton 1976), making it an attractive biocontrol can-
didate. However, Lal (2008) reports that M. anisopliae
is less effective than some insecticides and that com-
bining M. anisopliae with insecticide is less effective
than using insecticides alone.

Lal (2008) undertakes extensive Þeld testing in Fiji
and Papua New Guinea to demonstrate that two in-
secticides, imidacloprid7 and bifenthrin,8 may be used
to substantially limit damage to taro corms by attack-
ing the central nervous systems of insects with which
it comes into contact; their trials show that as much as
95% of the taro treated under optimal conditions is
marketable, i.e., saleable in the domestic market if not
the export market, which does not tolerate any dam-
age. The Biosecurity Authority of Fiji (2014) also
recommends the use of imidacloprid, which is mar-
keted in Fiji as ConÞdor.

Cultural control is another widely recognized
method by which damage from taro beetles may be
restricted (Lebot 2009 provides a comprehensive dis-
cussion). Practices advocated by Biosecurity Author-
ity of Fiji (2014) include rotating crops, using clean
planting material, and destroying potential breeding
sites near taro Þelds. However, Lal (2008) found that
neither thesepracticesnormanipulatingplanting time
and depth, ßooding taro Þelds, burning debris, nor
applyingwoodashwasespecially effective at reducing
damage to taro corms. Indeed, Macfarlane (1987) re-
ports thatmulching increased attacks by taro beetle in
the Solomon Islands.

Survey Research Methods

To better understand the social and economic im-
pacts of IAS such as P. uninodis in the PaciÞc, we
surveyed 360 households in 30 indigenous Fijian (i.e.,
iTaukei) villages on Viti Levu, FijiÕs largest island.
These villages were stratiÞed by geography and ran-
domlydrawnfromall villageson theeastern sideof the
island, where P. uninodis is well established per Bio-
security Authority of Fiji (2014). The distribution of
sampled villages is shown in Fig. 1.

Within each of the 30 villages, households were
selected at random from village rosters. Each survey
was conducted directly with the head of household,
and topics covered demographics; farming, Þshing,
wage work, and other income-generating activities;
wealth and durables; education; health; and agricul-
tural extension activities. The mean village comprises
44 households (Table 1), each with 5.2 household
members. The mean household is headed by an indi-
vidual with 9.5 yr of education. Household income
averages FJ$22,929 and household wealth averages
FJ$19,010, although both income and wealth demon-
strate a high degree of variability. The average house-

hold plants 1.5 hectares in crops, spends 34.5 h per
week raising its crops, and derives over 70% of its
income from cropping. The average household also
spends 6 h per week volunteering on behalf of the
village.

Households were also queried about the economic
impacts of IAS such as the cost of insecticides and the
value of taro crops lost to P. uninodis. First, respon-
dentswere askedwhether they agreedwith, disagreed
with, or were neutral toward a series of value state-
ments pertaining to the taro beetle: speciÞcally, “it is
good that (or it would be good if) the taro beetle is
found in this village,” “people in this village are happy
when they see taro beetles,” “there are more negative
aspects of taro beetles than positive aspects,” and “I
would like to have more taro beetles in this area.” By
asking a mix of positive and negative questions, we
reduce concerns of yea-saying (i.e., the tendency to
repeat answers in survey questions), a common prob-
lem in lengthy survey questionnaires (Blamey et al.
1999). Converting all questions and responses to the
positive and summing theanswers,wegain insight into
relative strength of any stated preference for or aver-
sion to taro beetles.

Second, respondents were asked to assume the role
of FijiÕs Minister for Finance and Strategic Planning,
National Development, and Statistics and to reveal
their spending priorities by allocating budgetary
shares to a broad range of categories, including edu-
cation, healthcare, public order, trade, infrastructure
development, and environmental protection.9 Re-
spondents who allocated a portion of the mock na-
tional budget to environmental protection were fur-
ther asked to prioritise controlling IAS relative to
other environmental spending such as reef protection.
Finally, respondents who indicated that they would
allocate budgetary resources to controlling IAS were
asked toprioritize control of various species, including
the taro beetle. Thus, we are able to compare the
perceived importance of controlling P. uninodis to the
perceived importance of other budgetary priorities
such as healthcare, education, public order, and man-
aging other IAS.

Third, a series of questions was asked to elicit will-
ingness to personally contribute to controlling IAS
under a hypothetical scenario in which a solution was
demonstrated to effectively manage their spread. In
most developed countries, “willingness to pay” for
environmental goods is identiÞed via questions per-
taining to tax increases; however, few rural Fijian
households pay taxes while virtually all of them con-

7 Imidalcoprid is variously marketed as Admire, Advantage, Con-
Þdor, Conguard, Gaucho, Hachikusan, Intercept, Kohinor, Mallet,
Merit, Nuprid, Optrol, Premise, Prothor, Provado, Turfthor, Winner,
and Xytect.

8 Bifenthrin is marketed as Bifen IT, Bifen L/P, Bifenthrine, Bri-
gade, Capture, FMC 54800, Maxxthor, OMS3024, Talstar, Torant, and
Zipak.

9 This exercise took the form of an interactive game in which 70
dried beans represented the approximately FJ$700 million spent on
these budget categories in 2010. Participants were asked to separate
the pile of beans according to spending priorities. See Daigneault et
al. (2013) for additional details.
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tribute labor to providing or maintaining public goods
in the village. Thus, our question was posed in terms
of willingness to volunteer labor time to manually
control P. uninodis. Initial values for the number of
hours was randomly assigned for each respondent via
dice rolls to eliminate concerns about starting-point
bias (i.e., ideas about the true value of a good inferred
by asking whether a good is worth a speciÞc amount;
Boyle et al. 1985); values were systematically in-
creased for respondents who agreed to volunteer the
given level of time and were systematically reduced
for those who did not, until Þnal values were derived.

A complementary survey was conducted with focus
groups consisting of residents from each of the 30
sampled villages. This survey form consisted of open-
ended questions regarding the presence and current
state of various IAS and, where applicable, the con-
sequences of their presence and community practices
for either encouraging or limiting their spread. Focus
group participants identiÞed P. uninodis from photo-
graphs and accurately described the damage that this
species of taro beetle inßicts on taro crops. Notably,
respondents were asked to reßect on both the negative
and positive impacts of taro beetles and other species.

Fig. 1. Sampled villages. (Online Þgure in color.)

Table 1. Summary statistics

Variable Unit 10th percentile Mean 90th percentile

Households per village Households 20 44.10 64
No. of people in the household People 2 5.17 8
Education of household head Years 6 9.50 12
Total household income FJ$ 1,959 22,929 60,764
Share of income derived from crops % 13.02 71.14 100
Amt of land planted per household Acres 0.24 1.47 3.58
Amt of land planted in taro Acres 0.08 0.34 0.75
Time spent on cropping activities, per week Hours 0 34.46 84
Time spent working for the village, per week Hours 0 5.95 16

n � 360.
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All surveys were undertaken by a team of trained
staff and students at University of the South PaciÞc
over a 4-wk period during July 2012.

Survey Results

P. uninodis is present in 83% of the villages in which
the survey was conducted. In 92% of affected villages,
focus group participants reported that the taro beetle
had attacked taro corms, thereby signiÞcantly reduc-
ing the yield and marketability of taro. In 42% of
affected villages, focus group participants reported
that the taro beetle had further caused plants to be
more susceptible to disease and rot. In contrast to
manyother IAS(e.g., Spathodea campanulata andMer-
remiapeltata) thatwerediscussedduringvillagemeet-
ings, P. uninodis does not provide any recognized
social or economic beneÞt to communities.

Basedon the results of thehousehold survey, 90.25%
of households plant taro, which accounts for 23.4% of
all cultivated land (Table 2). Within villages that are
affected by P. uninodis, 43.9% of surveyed households
that grow taro report experiencing losses from the taro
beetle. Among those experiencing losses, 38.3% of the
taro crop was damaged sufÞciently to become unmar-
ketable, on average, a loss valued at FJ$270.25.

Focus group participants in 44% of affected villages
reported that insecticides and other chemicals were
the principal strategy for controlling control taro bee-
tle. In 20% of villages, focus group participants re-
ported that affected taro Þelds were dug up and that
taro plants were burned. In the remaining 36% of
affected villages, villagers simply stopped growing
crops in affected areas. Regardless of the primary
management strategy, villagers in 32% of affected vil-
lagers stopped planting taro in favor of alternatives
such as cassava. Such heterogeneity in approachesÑ
even among neighboring villagesÑunderscores the
lack of publicly available information about the cost
effectiveness of each management option; indeed,
fewer than 7% of surveyed households had met with
extension ofÞcers or other authorities to discuss best
practice management of the taro beetle, suggesting
that the dominant strategy adopted in any given vil-
lage may have been ad-hoc.

Despite efforts to manage the taro beetle, P. uninodis
ispresent in83%ofthesurveyedvillagesandis increasing
in 53% them (Fig. 2) according to focus group par-
ticipants.However, focusgroupparticipants inahand-
ful of surveyed villages reported that farmers had

recently planted taro after several yearsÕ hiatus be-
cause the population of the taro beetle had declined.
This outcome provides evidence that P. uninodis may
be managed under certain conditions.

Respondents to the household survey were asked a
series of four questions pertaining to their personal
values andpreferences regardingP. uninodis.Asnoted
in the previous section, although some questions were
asked in the negative, all questions were rewritten in
the positive for the purpose of data analysis. Hence,
aggregate scores ranged from �4 (extremely negative
opinion) to �4 (extremely positive opinion).

More than 97% of survey respondents viewed the
taro beetle unfavourably (i.e., the aggregate score
was �2 or less), with 88% of survey respondents
viewing the taro beetle extremely negatively (i.e.,
the aggregate score was �4). In contrast to other
IAS about which we also asked, not a survey re-
spondent held a favorable view of the taro beetle
(Table 3).

Each survey respondent was asked to assume the
role of FijiÕs Minister for Finance and Strategic Plan-
ning, National Development, and Statistics to allocate
budgetary shares to a broad range of spending cate-
gories. On average, respondents indicated that they
would allocate 12.5% of the national budget to envi-
ronmental protection and management of IAS (com-
bined). By comparison, respondents would allocate
15.3% of the national budget to education; 12.9% to
health; 10.5% to recreation, culture, and religion;
10.1% to social protection; and 9.1% to public safety.
Thus, Fijian villagers consider environmental pro-
tection and control of harmful species to be a similar
budgetary priority as health and more important
than social protection or public safety on their
own.10

Among the budgetary share allocated to environ-
mental protection and control of harmful species, re-
spondents would allocate 53.1% to controlling IAS. Of
this, respondents would allocate 38% (or 2.6% of the
total national budget) to controlling P. uninodis. In
actual fact, �1% of the total budget allocated to these
disparate activities was allocated to managing all IAS
in 2012 (Fijian Government 2013).

An additional set of survey questions elicited each
householdÕs willingness to volunteer time to control-
ling tarobeetleunder theassumption that aneffective,
time-intensive solution to managing the species had
been identiÞed. Among those who view P. uninodis
extremely negatively, the median household offered
to volunteer 11.0 additional hours per week. The av-
erage household in surveyed villages currently spends
6 h per week volunteering on behalf of the village in

10 Social desirabilitybias, inwhich survey respondents intentionally
or unintentionally provide answers to please others, is a well recog-
nized challenge in survey research (Paulhus 1991). Thus, while our
primary interest in conducting the survey was to assess the impacts of
IAS on households, the questionnaire was intentionally broad, incor-
porating topics such as health, education, and income as well as IAS.
Because of this, we do not believe that respondents systematically
overstated the relative importance of environmental protection and
management of IAS.

Table 2. Impacts of P. uninodis at the household level

Variable Unit Mean

Plant taro percent 90.25
Share of land allocated to taro production percent 23.4
Among growers in affected villages, experience

loss due to P. uninodis
percent 53.4

Among growers with losses, share of taro
damaged

percent 38.3

Among growers with losses, value of losses FJ$ 270.25

n � 360.
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activities such as maintaining public goods (e.g., roads
and bus shelters) and spaces (e.g., churches and
schools). That is, respondents would allocate 83%
more time to controlling taro beetle than on other
activities to beneÞt the church andcommunity. Life in
iTaukei villages revolves around the church and com-
munity governance (Belshaw 1964, Ryle 2005), un-
derscoring the perceived importance of controlling
the taro beetle among FijiÕs rural, indigenous popula-
tion.

Cost–Benefit Analysis Methodology

In undertaking CBA of various approaches to manag-
ing P. uninodis,we follow the approach pioneered in the
Global Invasive Species Programme toolkit (Emerton

andHoward2008)andreÞnedintheBuncleetal.(2013)
guide to costÐbeneÞt analysis for natural resource man-
agement in the PaciÞc. The latter is an especially useful
template for this research because it offers a standard-
ized approach to support decision making by PaciÞc
Island governments and nongovernment organisations.

The population growth of P. uninodis is assumed to
follow the logistical growth curve described in equa-
tion 1, with the current population of taro beetles (Nt)
on affected taro plots eastern Viti Levu estimated at
50% of its carrying capacity, on average (Daigneault
and Brown 2013). This assumption is consistent with
evidence above that the taro beetle is increasing in
�50%of the surveyed villages (Fig. 2), but it is relaxed
later for sensitivity tests.

Fig. 2. State of taro beetle in sampled villages. (Online Þgure in color.)

Table 3. Responses to P. uninodis

Variable Unit
10th

percentile
Mean

90th
percentile

View of taro beetle �4 � ext. neg., �4 � ext. pos. �4 �3.72 �2
Share of national budget allocated to controlling taro beetle Percent 0 2.60 4.29
Hours willing to volunteer per week to control taro beetlea Hours 3 10.99 20

n � 360.
a Among households who identiÞed P. uninodis as the worst IAS that they face.
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The surveys and results described in “Survey Re-
search Methods” and “Survey Results” provided de-
tailed data on the damages caused by P. uninodis, the
shadow value of labor, and management practices
commonly pursued in Fijian villages.11 Data pertain-
ing to the costs associated with each management
practice are derived from household surveys and from
market surveys conducted by the Fiji Ministry of Pri-
mary Industries. Finally, we used a Delphi process
(Dalkey and Helmer 1963, Brown 1968) in surveying
pest management experts from Landcare Research,
the PaciÞc Invasives Initiative, the University of the
South PaciÞc, the South PaciÞc Regional Herbarium,
and the Fiji Ministry of Fisheries and Forests to assess
the relative effectiveness of each management option.
In Delphi processes, the combined opinion of experts
is used to offer interim solutions to pressing problems
in the absence of empirical data (Egan and Jones
1997).12

Because costs accrue over the duration of the in-
tervention, we calculate the present value of current
and future costs by discounting future costs at the real
rateof interest, i.e., theopportunity cost ofmoney.We
assume a time horizon of 50 yr13 and a discount rate
of 8%, which is the median discount rate used for
long-term environmental management projects in the
PaciÞc (Lal and Holland 2010). The present value of
beneÞts was calculated similarly.

Recurring costs such as labor and insecticides are
assumed to accrue at the end of each of the 50 yr in
the life of the management intervention. Capital costs
such as the cost of casssava plants, by contrast, are
assumed to accrue only during the initial period. In-
formation about thenumber of physical units of inputs
under each management option is derived from the
scientiÞc literature, survey responses, and expert
knowledge, and the total monetized costs of manage-
ment are estimated by multiplying the unit costs in-
curred in each year by the number of physical units.

Finally,wecalculate thenetpresent value(NPV)of
each management option by subtracting the present
value (PV) of costs from the PV of beneÞts. We also
calculate the beneÞt-cost ratio (i.e., the ratio of the
present value of beneÞts to thepresent value of costs),
which describes the relative efÞciency of each man-
agement option.

Cost–Benefit Analysis Results

In this study,we consider four distinctmanagement
options: doing nothing, switching crops from taro to
cassava, using cultural controls, and applying insecti-
cides. The “do nothing” approach represents the base-
line against which the costs and beneÞts of other
management options are measured.14

Do Nothing. This option represents progressive
growth and spread across the landscape in the absence
of any management. Under this scenario, P. uninodis
increases from 50% of carrying capacity to 100% of
carrying capacity within �10 yr. There are no asso-
ciatedmanagement costs, but it does result in damages

to agricultural production that would have been
avoided had the taro beetle been managed.

Crop Substitution. Under this management op-
tion, farmers in affected villages are assumed to re-
plant all their taro Þelds with cassava. Based on survey
results and consensus developed during the Delphi
process, we assume that the taro beetle population
dwindles tozeroover15yr; however, this scenarioalso
means that no taro is produced.While it is feasible that
taro could be replanted after P. uninodis has been
eliminated, for simplicity, we assume that the switch
to cassava is permanent. Farmers who pursue this
managementoption incur capital costs associatedwith
purchasing cassava stem cuttings, but yield beneÞts
beginning the following year from switching to the
unaffected crop.

Cultural Control. Under this management option,
farmers implement best practice management in their
taro Þelds. Per Biosecurity Authority of Fiji (2014),
speciÞc activities include rotating crops, using clean
planting material, and destroying potential breeding
sites near taro Þelds. Costs associated with this man-
agement option stem primarily from additional labor
required to manage and monitor the taro crop. Based
on extensive testing as reported in Lal (2008), we
assume that this management option allows the pop-
ulation of taro beetle to gradually be reduced to half
the population as the initial period over 10 yr. How-
ever, this assumption is relaxed below.

ChemicalControl. FollowingLal (2008), thisman-
agement option assumes that imidacloprid is applied
with 1.5 ml per liter of water and that bifenthrin is
applied with 2.5 m/s at 125 ml formulation per plant
at the time of planting and again 3 mo after planting.
To reduce the likelihood of resistance, the two ap-
proaches are employed in alternating years. Based on
a consensus of expert opinion reached via the Delphi
process described above, we assume that best practice
applicationof insecticidegradually increases the share
ofmarketable taro to 95%and fully controlsP. uninodis
in 10 yr. Assumptions regarding the efÞcacy of this
management approach are relaxed below.

We also considered biological control using the
fungus M. anisopliae as a viable management option.
However, Lal (2008) demonstrates that M. anisopliae
is less effective than imidacloprid and bifenthrin, ei-

11 Impacts of P. uninodis on households are scaled up to the village
level. The typical village in easternViti Levu comprises 45 households
that each maintain 0.6 hectares of productive land. Scaling household
results to the village level does not change results of the CBA because
we assume constant economies of scale.

12 Helmer and Rescher (1959) note that relying on expert opinion
in the absence of clear empirical knowledge is justiÞed because of the
background knowledge of experts and because the high degree of
agreement derived from Delphi Processes “precludes subjective
whim”.

13 We choose a long time horizon to reßect the need for ongoing
management against pest outbreaks. Nevertheless, in the estimates
presented below, 85% of the discounted beneÞts accrue within the
Þrst 25 years of the intervention.

14 Subsequent to conductingour study, using cover cropswas raised
with the authors, the basis being that Papuana spp. cannot live and
breed in heavy canopies. This is an intriguing possibility that warrants
further study and application in Fiji.
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ther alone or in combination. Moreover, Biosecuirty
Authority of Fiji (2014) reports that there is as yet no
recommended procedure for using M. anisopliae to
manage taro beetle inFiji. In addition, a virus has been
trialled without success (Invasive Species Specialist
Group [ISSG] 2013).

This management option entails purchases of insec-
ticides, application materials, and protective gear, as
well as labor with which to apply it.15 Importantly, we
only focuson thedirect costsof insecticideapplication
and hence do not explicitly account for negative ex-
ternalities that pesticides may entail.16

Benefits and Costs of Management. Potential ben-
eÞts ofmanagingP. uninodis include improvedyield of
marketable crops, restoration of cultural values asso-
ciated with taro production, reduced pressure to clear
additional land, and biodiversity protection.17 We fo-
cus explicitly on the direct economic beneÞts of man-
aging taro beetle, namely the beneÞts of avoided dam-
ages to crops. In addition, we account for cultural
values provided by taro by attributing a nominal 10%
of the market value of the crop to cultural services.
Due to difÞculties associated with monetising the
value of protecting forests and biodiversity associated
with less clearing for new taro Þelds, we do not ac-
count for these beneÞts to managing this IAS. How-
ever, we note that these nonmonetised beneÞts will
also be positive; thus, the Þgures we derive likely
underestimate the true beneÞt from managing taro
beetle.

The speciÞed beneÞts are expressed in terms of
damage that would likely accrue under the baseline
scenario in the initial period (t � 0). Based on the
household survey and consensus developed during
the Delphi process, we assume that the taro beetle
initially reduces average taro crop yield in affected
Þelds by 38%. As the taro beetle is known to destroy
up to 67% of the taro crop (Lal 2008), damages are
expected to increase over time in the absence of any
intervention.

Costs of managing P. uninodis include labor, insec-
ticides, and capital such as cassava stem cuttings and
chemical sprayers. SpeciÞc costs are derived from
survey responses, spot checks in localmarkets, and the
Fiji Ministry of Primary IndustryÕs routine market sur-
veys. All costs are assumed to occur before the start of
each period for the duration of the intervention, with
the exception of capital costs, which only occur in the
initial period (Table 4).

Note that these estimates reßect management in a
prototypical study area and that the levels of chemical
application, cultural options, and labor required in a
speciÞc area may vary. Moreover, we have not ac-
counted for any of the indirect costs associated with
chemical application which could impact other crops,
animals, native ßora and fauna, and human health
(e.g., Pimentel et al. 1992, Pimentel 2005, Devine and
Furlong 2007, Atreya 2011). Thus, following Weg-
mann et al. (2011), we recommend trialling a man-
agement program in each site before undertaking a
large-scale management program.

Cost–Benefit Analysis. Estimated annual beneÞts
for controlling the taro beetle under the four man-
agement options are shown in Fig. 3.

Comparing the present value of costs listed to the
present value of monetized beneÞts (shown in Table
4), we Þnd that chemical controls offer the highest
NPV over the 50-yr period, at FJ$139,543. However,
switching affected taro Þelds to cassava yielded the
highest beneÞtÐcost ratio (Table 5), indicating that
this approach offers the highest value per dollar spent
in the absence of funding constraints. Additionally,
relying on cultural controls produces a positive NPV,
indicating that all three management options are

15 We assume that farmers follow best practice in pesticide appli-
cation. That is, protective clothing and footwear are always worn,
health and safety requirements are followed, and the application of
pesticide does not result in any non-target damage.

16 Examples of negative externalities associated with pesticide use
may include environmental and societal damages; impacts on public
health; impacts on livestock and livestock production; increased con-
trol expenses resulting from pesticide-related destruction of natural
enemies and from the development of pesticide resistance in pests;
crop pollination problems and honeybee losses; indirect crop product
losses; and bird, Þsh, and other wildlife losses. See Atreya et al (2011),
Devine and Furlong (2007), Pimentel et al. (1992), and Pimentel
(2005) for further examples.Nevertheless, Pimentel (2005) estimated
the beneÞtÐcost ratio of pesticide use in the United States to be 4:1
due to reduced crop losses.

17 Taro beetles attack several ornamental and cultivated aroid spe-
cies (Ediblearoids.org).

Table 4. Values per hectare to quantify benefits and costs of managing P. uninodis

BeneÞt and cost category Unit
Value per

unit
Years

incurred

Units per year per hectare

Do
nothing

Switch from
taro

Cultural
control

Chemical
control

BeneÞts
Avoided damagesÑtaro production FJ$/kg FJ$1.42 1Ð50 0 0 0Ð7,000 0Ð9,700
New cassava production FJ$/kg FJ$0.98 1Ð50 0 15,000 0 0
Avoided damagesÑcultural value of

taro
FJ$/kg FJ$0.10 1Ð50 0 0 0Ð7000 0Ð9,700

Costs
Labour FJ$/person days FJ$30 1Ð50 0 0 30 15
Insecticides FJ$/liter FJ$30 1Ð50 0 0 1 3
Cassava FJ$/seedling FJ$0.10 1 0 20,000 0 0
Chemical sprayer and protective

gear
FJ$/unit FJ$200 1 0 0 1 0
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strictly more efÞcient to the status quo in which P.
uninodis is not managed.

The estimates presented in Table 5 reßect the NPV
of eachmanagement optionon aper-hectare basis and
assume that the entire hectare is planted with taro.
About 6,000 hectares of land is currently planted with
taro in eastern Viti Levu (PacRIS 2013), and �53% of
landowners in the study responded that their cropwas
affected by the taro beetle. Thus, the total NPV of
using insecticide to manage areas affected by P. uni-
nodis in the entire study area is at least FJ$447 million
over the next 50 yr, while implementing cultural con-
trol or switching from taro to cassava yieldnet beneÞts
of FJ$319 million and FJ$259 million, respectively.

Sensitivity Analysis

Economic analyses of IAS management often de-
pend on strong assumptions, and this analysis is no
different. For example, analyses usedata fromanarray
of sources with varying levels of quality and certainty.
Someof the costs andbeneÞtsmaybedifÞcult to value
accurately, and key biophysical data can be difÞcult to
obtain. The population of the IAS in the initial period
can also vary across space. As a result, we undertake
sensitivity analyses to assess the robustness of our
results. SpeciÞcally, we now analyze the results under
the following variable assumptions:

1. Initial population (as a share of the carrying ca-
pacity)Ñ0.5 and 2 times base assumption. This
sensitivity analysis changes the initial population of
P. uninodis from 50% of carrying capacity to 25% or
100%.

2. Effectiveness of managementÑ0.5 and 2 times
base assumption. This sensitivity analysis adjusts
the pathway of the population growth curves
for the three intervention options. An option that
is twice as effective implies that the maximum ef-
fectiveness of the intervention is cut in half, i.e.,
control via chemical control is achieved in 5 yr as
opposed to 10 yr.

3. Discount rateÑRates of 4 and 12% are at the tails
of the range of discount rates used for environmen-
tal management projects in the region.

Permutations of the above yield 81 possible com-
binationsunderwhich toevaluate the sensitivityof the
results presented in the previous section. The NPV of
each combination is presented in Table 6.

Assuming that the effectiveness of each option is a
constantmultiplier of the base effectiveness (e.g., that
switching crops, cultural controls, and insecticides are
all either as effective as the baseline, half as effective
as the baseline, or twice as effective as the baseline),
we Þnd that the NPV of management is positive in
all 81 combinations, even without monetizing ben-
eÞts to biodiversity and reduced pressure to clear
additional agricultural land. The analysis indicates
that chemical control generally produces the high-
est NPV. However, in the case where the population
of taro beetles approaches carrying capacity and
thus maximum possible damage and there is a high
discount rate, switching to cassava yields a slightly
higher NPV.

Even in the most pessimistic scenario (i.e., in
which there is a high initial population, low effec-
tiveness of management, and a high discount rate),
chemical control yields an NPV of FJ$45,731 per
hectare, or �FJ$146 million across all affected taro
Þelds in eastern Viti Levu over the next 50 yr. Thus,
management is worthwhile even under these cyn-
ical assumptions.

Summary

By affecting the livelihoods and the vanua of the
Fijian people, P. uninodis poses an enormous threat.
The taro beetle can bemanaged and its impacts can be
avoided, eliminated, or reduced. However, no large-
scale, coordinated effort to manage taro beetle has
been undertaken on Viti Levu, and neither the costs
nor the beneÞts of management are particularly well
understood.

In this paper, we undertake a costÐbeneÞt analysis
of managing P. uninodis in eastern Viti Levu, Fiji. This
CBA was informed by Þrst-of-its-kind primary-source
data collected via matched household and community
surveys, which hold major scientiÞc signiÞcance in
andof themselves.Forexample, the surveysdocument
the economic costs of living with IAS, e.g., the value
of crops lost to taro beetle and the cost of insecticides
for infested taro Þelds. They also document hetero-
geneity incurrentmanagementpractices andpersonal
attitudes toward P. uninodis.When asked to reallocate
FijiÕs national budget according to their own spending

Fig. 3. Estimated annual beneÞts of control. (Online
Þgure in color.)

Table 5. Summary of benefit–cost analysis (per hectare)

Option
PV

costs
PV

beneÞts
Total
NPV

BeneÞtÐ
cost ratio

Do nothing FJ$0 FJ$0 FJ$0 1.0
Switch from taro

to cassava
FJ$2,000 FJ$83,006 FJ$81,006 41.5

Cultural control FJ$11,377 FJ$110,966 FJ$99,589 9.8
Chemical control FJ$6,806 FJ$146,349 FJ$139,543 21.5

Discount rate � 8%; time horizon � 50 yr; study area � 1 hectare.
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priorities, survey respondentswould allocate�6.7%of
the national budget for IAS management and 2.6%
speciÞcally to controlling taro beetle.

CostÐbeneÞt analysis reveals that chemical controls
typically represent the most beneÞcial means of man-
aging P. uninodis. The net present value of chemical
controls over the baseline “do nothing” approach
amounts to some FJ$237 million across eastern Viti
Levu over the next 50 yr. This result assumes that
insecticide is applied efÞciently and safely, with no
damage to other crops, livestock, native ßora and
fauna, or human health, an admittedly strong assump-
tion given the potential externalities. Switching to
cassava is an inexpensive alternative to chemical con-
trols that also yields positive net present values and
high beneÞtÐcost ratios in all scenarios, rendering it
another attractive management option. Cultural con-
trols are more expensive and less effective than chem-
ical controls and are thus not recommended as a pri-
mary management strategy. Nevertheless, all three
management strategies are more efÞcient than the
case in which P. uninodis is not managed. Finally,
although we found that many farmers made some
effort to control the taro beetle, the measures under-
takenstill resulted inaverage taroyield lossesof�38%.
This suggests that considerable gains may be made in
publicizing best practices in managing this invasive
alien species.
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