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Abstract

Biological control of introduced weeds in the 22 Pacific island countries and territories (PICTs) began in
1911, with the lantana seed-feeding fly introduced into Fiji and New Caledonia from Hawaii. To date, a to-
tal of 62 agents have been deliberately introduced into the PICTs to control 21 weed species in 17 countries.
A further two agents have spread naturally into the region. The general impact of the 36 biocontrol agents
now established in the PICTs ranges from none to complete control of their target weed(s). Fiji has been
most active in weed biocontrol, releasing 30 agents against 11 weed species. Papua New Guinea, Guam,
and the Federated States of Micronesia have also been very active in weed biocontrol. For some weeds such
as Lantana camara, agents have been released widely, and can now be found in 15 of the 21 PICTs in which
the weed occurs. However, agents for other commonly found weeds, such as Sida acuta, have been released
in only a few countries in which the weed is present. There are many safe and effective biocontrol agents
already in the Pacific that could be utilised more widely, and highly effective agents that have been released
elsewhere in the world that could be introduced following some additional host specificity testing. This pa-
per discusses the current status of biological control efforts against introduced weeds in the 22 PICTs and re-
views options that could be considered by countries wishing to initiate weed biological control programmes.
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Introduction

Introduced invasive weeds are of increasing concern and importance in the Pacific
region, which is reflected by the growing number of publications and websites docu-
menting their distribution and impacts (e.g. Swarbrick 1997, Waterhouse 1997, Mey-
er 2000, Shine et al. 2003, PIER 2013). Weeds decrease food security and income by
smothering crops, infesting plantations, and overgrowing grazing lands (Waterhouse
and Norris 1987, Orapa 2001, Day et al. 2012). Weeds also affect ecosystem processes
through impacts such as degrading soil and reducing water quality and quantity, and
are second only to land clearing as a major threat to biodiversity (Meyer 2000, Sherley
and Lowe 2000, Dovey et al. 2004). Since 1985, at least six workshops have been held
in the Pacific region to prioritise weeds for improved management (e.g. Waterhouse
and Norris 1987, Sherley 2000, Shine et al. 2003, Dodd and Hayes 2009, Day 2013).

Biological control is a long-term, self-sustaining and feasible option for managing
many weeds (Dovey et al. 2004, Julien et al. 2007). Biocontrol of weeds is particu-
larly beneficial and applicable to many Pacific island countries and territories (PICTs)
where the capacity to tackle major weed problems is often restricted due to limited
infrastructure, resources, and skills (Dovey et al. 2004). The earliest case of the delib-
erate introduction of biocontrol agents from their native range to control a weed was
in 1902 when 23 insect species were imported into Hawaii from Mexico to control
Lantana camara (Swezey 1923). One agent, the seed-feeding fly Ophiomyia lantanae,
which successfully established in Hawaii, was subsequently introduced into Fiji and
New Caledonia in 1911 (Guiterrez and Forno 1989), becoming the first weed biocon-
trol agent released in the PICTs.

Over 60 weed biocontrol agents have since been introduced deliberately into 17
of the 22 PICTs, not including Australia, New Zealand, or Hawaii (Winston et al.
2014). However, for most biocontrol agents, the number of PICT's in which they have
been introduced or naturally spread is only a fraction of the number of PICTs where
the target weeds occur. Consequently, there is great potential for further introductions
within the PICTs. In addition, there are many more weeds present for which biocon-
trol has not been attempted in the PICTs. Effective biocontrol agents for some of these
are available elsewhere and could be introduced.

One of the limiting factors for weed biocontrol in many PICTs is the knowledge
of what agents are available and effective. Numerous workshops involving the PICT's
have been conducted, with the last being held in Auckland in 2009 (Dodd and Hayes
2009) where potential biocontrol agents were discussed. These workshops have often
resulted in new biocontrol programs being implemented, with new or existing agents
being introduced into one or more countries (Winston et al. 2014).

This paper reviews the current status of biocontrol efforts against introduced weeds
in the PICTs and identifies existing biocontrol agents that could be moved around the
Pacific as well as additional effective biocontrol agents that could be introduced into
the region. This information provides a platform for PICTs to identify the best and
most appropriate weed biocontrol opportunities to pursue, and should be considered
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against other factors such as weed importance and available resources in each country.
Australia, Norfolk Island (a territory of Australia), New Zealand, and Hawaii are not
included in this paper as they already have well-established biocontrol programmes,
and extensive reviews on their programmes have already been conducted (Conant et
al. 2013, Fowler et al. 2000, 2010, Funasaki 1988, Julien et al. 2012, Smith 2002,
Trujillo 2005).

Materials and methods

The number of weed biocontrol agents introduced into the 22 PICTs, their estab-
lishment status, and their current impact were extracted from Winston et al. (2014)
and supplemented by recent publications and personal communications with local
researchers to provide an updated account through to 2015. The assessment did not
include Australia, Norfolk Island (a territory of Australia), New Zealand, Hawaii, and
Easter Island (a territory of Chile).

From the compiled dataset, we determined the weed biocontrol effort of each
country, including the number of weeds targeted and the number of agents deliber-
ately introduced. We also analysed the dataset by target weed to determine how many
biocontrol agents have been introduced into the region, how many have established,
and their overall level of impact against their target weeds. The level of impact was
obtained from Winston et al. (2014) or from the perception of local researchers and
took into consideration varying habitats and climates, with the understanding that a
weed may not be under the same level of control in all areas where it exists. The two
analyses allowed us to ascertain which weeds were most amenable to biocontrol, and
which biocontrol agents were the most widespread, damaging, and effective against
their target weed.

Numerous sources were utilized to determine the distribution of weeds in the Pa-
cific, including workshop reports, websites, and personal communications with local
land managers (Swarbrick 1997, Waterhouse 1997, Meyer 2000, Shine et al. 2003,
Dodd and Hayes 2009, PIER 2013, Endemia 2015). Some of the weed biocontrol
prioritisation workshops utilized herein asked participants to list the top 10 weeds in
their country. In these circumstances, not all weeds present in a country were captured.
The weed lists were then collated into a comprehensive compilation of weeds occurring
in each country and cross-checked against weed species that have already been targeted
for biocontrol worldwide (Winston et al. 2014), as well as against weed species being
evaluated as potential new candidates now or in the near future (Q. Paynter, Landcare
Research pers. comm. 2015, T. Johnson, US Department of Agriculture, pers. comm.
2015). Weed species not targeted for weed biocontrol were deleted from the dataset.

After combining the two datasets, we determined which biocontrol agents could
be introduced into particular countries where the target weed occurs but no biocon-
trol agents have established to date. In doing so, we only considered those biocontrol
agents that had been deliberately released into at least one country. This excluded spe-
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cies that had found their way into countries naturally but had never been deliberately
introduced into any country. The rationale behind excluding these species is that they
are not bona fide biocontrol agents, nor have they been subjected to detailed host
specificity testing; consequently, there is a risk of non-target impacts if introduced into
a new region. There are no native species in the Pacific region that have been used as
weed biocontrol agents.

Results were separated into three lists based on whether 1) the agent is already es-
tablished in at least one of the PICT's and is having at least a medium impact (weed is
partially or fully controlled in most areas) on the target weed, 2) the agent is not yet in
any PICTs but has at least a medium impact on the target weed elsewhere, and 3) the
agent has only a slight impact (may cause damage but does not reduce weed popula-
tions) on the target weed either in any of the PICTs or elsewhere. A fourth list docu-
ments the agents that have been recently released and are still being evaluated, and any
new target weeds for which agent exploration or host specificity testing of new agents
are currently being conducted. As much of the data on weed presence or importance
by country is not well defined, no attempt was made to suggest specific actions.

Our analysis excluded agents that did not establish in any country in which they
were introduced, agents that had established in at least one country but were consid-
ered to have no impact against the target weed, and agents that have caused significant
impacts to non-target species. We determined that these agents were unlikely to suc-
ceed in terms of achieving establishment and causing a significant impact to the target
weed and/or had great potential to damage non-target species in a new country (Julien
et al. 2007, Paynter et al. 2015).

Results

Seventeen of the 22 PICTs have deliberately introduced at least one biocontrol agent
(Table 1). Fiji (30 biocontrol agents introduced against 11 weed species) and Papua
New Guinea (19 agents released against 12 weed species) have been the most active.
Guam (16 agents against 4 weed species), Federated States of Micronesia (13 agents
against 3 weed species), and Palau (11 agents against 4 weed species) have also been
actively involved in weed biocontrol. Five countries, namely Kiribati, Pitcairn Islands,
Tokelau, Tuvalu, and Wallis and Futuna, have not deliberately introduced any weed
biocontrol agents to date. These countries mainly consist of small, low-lying atolls, and
weeds may not be at sufficient densities to warrant biocontrol.

Since 1911, there has been a steady stream of biocontrol agents introduced into
the PICTs (Fig. 1). A total of 62 biocontrol agents targeting 21 weed species have been
deliberately released into at least one country in the PICTs (Table 2). Of these, 32
agents have established on 17 weed species. Two biocontrol agents, Neogalea sunia and
Epiblema strenuana, did not establish when deliberately introduced into the region,
but were later found to have spread into some PICTs of their own accord (Table
2). In addition, Acalitus adoratus and Maravalia cryprostegiae also self-introduced into
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Table I. The number of weed species targeted for biocontrol and the number of biocontrol agents that

have been deliberately introduced (intentional) and agents that were not deliberately introduced but have
been found (unintentional) in the PICTs.

. . . Unintentional Combined
Intentional introductions X . . R
introductions introductions
No. of No. of No. of No. of No. of No. of No. of
Country weed agents agents weed agents weed agents
species released establ. species establ. species establ.
American Samoa 2 2 2 0 0 2 2
Cook Islands 4 11 2 0 0 4 2
Fef:lerated. States of 3 13 10 ) 2 3 1
Micronesia
Fiji 11 30 17 0 0 11 17
French Polynesia 2 3 3 0 0 2 3
Guam 4 16 9 2 4 4 13
Marshall Islands 1 1 1 0 0 1 1
Nauru 1 1 0 0 0 1 0
New Caledonia 4 7 6 3 4 5 10
Niue 2 4 3 1 1 3 4
Northern Mariana 4 8 7 2 5 4 b
Islands
Palau 4 11 6 2 4 4 10
Papua New Guinea 12 19 12 3 6 13 18
Samoa 4 5 3 1 1 4 4
Solomon Islands 5 7 4 2 2 5 6
Tonga 3 6 5 2 2 4 7
Vanuatu 8 9 8 3 6 9 14
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Figure I. Cumulative number of deliberate biocontrol agent introductions in the PICTs since 1911. The

values include those introductions where the agent failed to establish in any country.
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some PICTs. In total, 36 weed biocontrol agents are now confirmed as present in the
PICTs, attacking 19 weed species. The overall impact of these biocontrol agents ranges
from no damage to high impact on the target weed, depending on country and region
(Tables 2, 3).

Of the weed species on which at least one biocontrol agent has established, seven are
deemed to be under complete control overall, due to the high impact of the agent(s) (Ta-
ble 3). A further six weed species are deemed to be under partial to full control. The im-
pacts of biocontrol agents on two weed species have been variable. For four weed species
where biocontrol agents have only recently established, the establishment and impacts of
biocontrol agents are still being evaluated. There are three weed species for which agents
have either not established, or there s little, no, or unknown impact of biocontrol agents.

The most widespread and damaging biocontrol agent in the PICTs is the psyl-
lid Heteropsylla spinulosa, which was introduced and has established in 13 of the 16
countries where its target weed Mimosa diplotricha occurs. In most areas within most
countries, M. diplotricha is under control (Tables 2, 3). However, in high rainfall areas,
control is not always achieved because heavy rain can wash the psyllids from plants.

Sida acuta and S. rhombifolia are deemed under control in three of the four coun-
tries where the leaf-feeding beetle Calligrapha pantherina was intentionally introduced
and established. The establishment of C. pantherina in the fourth country, Samoa,
is not known. Calligrapha pantherina has recently been reported in New Caledonia,
although its mode of entry and impact on the Sida spp. are unknown. Other weeds
considered under control by biocontrol agents in the PICTs include Salvinia molesta,
Tribulus cistoides, Opuntia stricta, and unspecified Opuntia spp. (Tables 2, 3).

Eichhornia crassipes and Pistia stratiotes are generally under a high degree of control
in each of the countries where their respective biocontrol agents have been released and
established (Tables 2, 3). Control of E. crassipes is generally higher if both Neochetina
cichhorniae and N. bruchi are present. Control of both aquatic weeds appears to be
incomplete in shaded locations.

Cecidochares connexa has established and is aiding the control of Chromolaena odo-
rata in all five countries in which it has been introduced (Tables 2, 3). However, C.
connexa appears to be less effective at altitudes greater than 1000 m above sea level or
in areas where rainfall is high, such as West New Britain, Papua New Guinea.

Of the two agents introduced to control Clidemia hirta, only Liothrips urichi estab-
lished. This agent appears to be effective at controlling C. hirza in only sunny areas of
the three countries in which it has established (Tables 2, 3); there is little impact where
C. hirta is growing in shaded areas.

Three agents have been released against Coccinia grandis, but only two have estab-
lished. Melittia oedipus has been released in Guam and the Northern Mariana Islands,
and is having a high degree of impact in both countries. Acythopeus cocciniae is having
a high degree of impact in Guam, while its establishment in the Northern Mariana
Islands has not been confirmed (Tables 2, 3).

Twenty biocontrol agents have been intentionally introduced against L. camara
in the PICTs. Of these, nine agents have established in at least one country (Table 2).
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Table 3. Summary of the biocontrol effort against each target weed species, including the number of
PICTs where biocontrol agents have established without being deliberately released. For weeds where

multiple agents have been released, numbers have been pooled.

. . No. countries | - agents No. countries | , g impact
Weed family Weed species weed occurs established in |  all agents on weed™
the Pacific established
Apocynaceae Cryptostegia grandiflora 8 1 1 unknown
Araceae Pistia stratiotes 9 1 2 medi.um ©
high
Chromolaena odorata 7 3 5 rnedi-um 0
high
Elephantopus mollis 14 1 4 variable
Asteraceac Mitkania micrantha 20 1 4 still evaluating
Parthenium hysterophorus 3 1 1 still evaluating
Xanthium strumarium 7 0* 0 still evaluating
Acanthocereus tetragonus 1 0 0 none
Cactaceae Opuntia spp. 1 1 1 high
Opuntia stricta 3 1 1 high
Cucurbitaceae Coccinia grandis 11 2 2 meil.um ©
igh
Cyperaceae Gyperus rotundus 21 3 2 none
Fabaceac Mimo‘m a’z‘pla‘tric/m 16 1 13 : high :
Mimosa pigra 1 0* 0 still evaluating
Malvaceae Sida acuta 18 1 4 high
Sida rhombifolia 22 1 3 high
Clidemia hirta 9 1 3 low to high
Melastomataceae — -
Miconia calvescens 3 1 1 variable
Pontederiaceae Eichhornia crassipes 15 2 4 mef:i;[; t©
Salviniaceae Salvinia molesta 7 4 2 high
Verbenaceae Lantana camara 21 10 15 slight to high
Zygophyllaceae Tribulus cistoides 8 1 1 high

* Biocontrol agents have recently been released, but establishment is not confirmed
** Rating is based on the overall level of control as per Winston et al. (2014)

Uroplata girardi and Teleonemia scrupulosa have been released and have established in
13 countries; both reportedly have a moderate to high overall impact in most coun-
tries where they have established. Crocidosema lantana, Lantanophaga pusillidactyla,
and Ophyiomyia lantanae have a moderate impact in some countries but only a slight
impact in other countries. The remaining agents have little or no impact on L. camara.

Of the biocontrol agents that have established in the PICT's and are having a me-
dium to high impact on the target weed, many have not been released in all PICT's
where their respective target weed has been recorded. For example, C. pantherina has
proven very effective against S. acuta and S. rhombifolia in three countries, and could
potentially be introduced into 14 and 18 additional countries, respectively. Likewise,
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N. bruchi and N. eichhorniae could potentially be introduced against E. crassipes in 13
additional countries, while the biocontrol agents for C. grandis could be introduced
into nine countries.

Cactoblastis cactorum was introduced into New Caledonia to control O. stricta.
However, the agent also attacks Opuntia monacantha, and so could be released in the
13 countries in which this weed occurs. Similarly, Microlarinus lypriformis was released
against T7ribulus cistoides, but could also be used against 77ibulus terrestris in Fiji and
Papua New Guinea. The countries in which established and effective agents within
the PICTs could potentially be redistributed are listed in Table 2. Because biocontrol
agents can spread naturally between islands, it is recommended that countries conduct
surveys to determine what biocontrol agents are present prior to any introductions.

There are also opportunities to introduce biocontrol agents that have proven effec-
tive outside the PICT's (Table 4), provided target weed densities are sufficiently high to
warrant this. Additional agents attacking L. camara, O. stricta, and Parthenium hystero-
phorus could be introduced in the PICTSs to supplement the biocontrol agents already
established against these species. There are also effective agents for weeds that have not
been targeted for biocontrol in the PICTs to date. These weed species include Arundo
donax (present in 12 countries), Dolichandra unguis-cati (7 countries), and Melaleuca
quinguenervia (7 countries) (Table 4).

Because biocontrol agents may do poorly in one region and have spectacular suc-
cess elsewhere, agents having slight or variable impacts on their target weed(s) in at
least one country within or outside the Pacific region are listed in Table 5.

Numerous weed species occurring in the PICTS are currently weed biocontrol tar-
gets elsewhere, but the agents have either been only recently released and not yet evalu-
ated or not yet released (Table 6). In addition, there are several previously targeted
weeds (e.g. C. odorata, E. crassipes, and L. camara) for which new agents were recently
released and are currently being evaluated for establishment and/or impact (Table 6).
Should any of these agents prove to be specific and effective against their target weeds,
they could also be considered for introduction in the PICTs in the future.

Discussion

Biological control of weeds has been practiced in the PICTs for over 100 years, with
over 20 weed species targeted. In that time, 17 countries have deliberately introduced
at least one biocontrol agent (Winston et al. 2014). In addition to agents deliberately
released into the PICTs, four biocontrol agents have found their way into the Pacific
region either through natural means or unintentionally on imported goods. For over
half the weed species targeted, biocontrol agents are having a medium to high impact.
Consequently, weed biocontrol to date has been very cost-effective and has provided
relief to farmers and land managers trying to control those weeds, and has resulted in
increased production and income (e.g. Julien and Orapa 2001, Day et al. 2013a, Day
and Bule this edition).
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However, many biocontrol agents that have established in the PICTS are only
found in a fraction of the countries in which their respective target weed occurs. This
could be because weed densities in countries where agents are not present are not
high enough to warrant biocontrol, or because human population base, infrastructure,
expertise, experience and funding to implement biocontrol programmes are limited
(Dovey et al. 2004).

Both the Secretariat of the Pacific Community (SPC) and the South Pacific Re-
gional Environmental Program (SPREP) have a responsibility in helping member
countries in agricultural and environmental issues respectively, and could therefore
assist in coordination of biocontrol programmes, while Australia, the USA and New
Zealand could help in a technical capacity, especially regarding the additional testing
of biocontrol agents (Dovey et al. 2004).

Another constraint to successfully implementing biocontrol in the PICTs is due to
the nature of the Pacific. The Pacific region covers 30 million km?, of which only 2%
is landmass and is spread over 7,500 islands (Shine et al. 2003). Therefore, releasing
biocontrol agents into all countries and on all islands where target weeds occur can
be challenging and expensive (Dovey et al. 2004, Day et al. 2013a, c). This contrasts
greatly with Asia or Africa where biocontrol agents have readily spread within and to
other countries, as weed populations are often contiguous (Winston et al. 2014). To
help overcome these logistical difficulties, many biocontrol programs in the Pacific
region have been funded by donor organisations from Australia, Europe, the USA and
New Zealand and/or have involved the assistance of the SPC.

Within these programs, substantial funds are frequently allocated to conducting
weed and biocontrol agent distribution surveys in order to identify locations where
a target weed is present but no agents have established. Such surveys have been con-
ducted recently in Papua New Guinea and Vanuatu, with funding from the Australian
Government. Program funds are also frequently spent on increasing capacity, such as
improving infrastructure and training staff, as well as releasing biocontrol agents.

A cost-effective solution to weed biocontrol research in the PICTs is to redistribute
effective agents already established in the region (Dovey et al. 2004, Julien et al. 2007,
Paynter et al. 2015). In general, redistribution of agents within the Pacific requires
little to no extra host specificity testing because plant assemblages are often similar be-
tween countries, and many agents have been established long enough to both identify
the most highly effective agents and to detect any non-target impacts. Utilising tried
and proven agents overcomes the considerable cost of host specificity testing of new
agents, and reduces the likelihood of agents not establishing or having minimal impact
on the target weeds (Julien et al. 2007, Paynter et al. 2015).

Countries wishing to introduce any biocontrol agent from within the Pacific re-
gion should conduct surveys to determine what agents are already present in their
country. There are many examples of agents previously not reported, being found in
countries following the conduct of dedicated or even opportunistic surveys (Winston
et al. 2014). Regardless of the mode of entry into a country, once established within
the region, biocontrol agents can spread naturally to new islands and/or countries. Ca/-
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ligrapha pantherina was released onto only 14 islands in Vanuatu and is now present
on 21 islands (Day and Bule this edition). Within the PICTs, Calycomyza lantanae was
deliberately released into only Fiji for the control of L. camara, but it is now found in
seven countries in the PICTs. Incidentally, although C. lantanae has only ever been
deliberately released into three countries (Australia, Fiji and South Africa), it is now
found in 28 countries worldwide (Day et al. 2003, Winston et al. 2014).

In addition to redistributing agents already established within the PICTS, there
are many more biocontrol agents released outside the PICTs that cause medium to
high impacts on their target weed(s) and could be considered for introduction into the
PICTs (Winston et al. 2014). However, such agents may not have the same efficacy
in the PICTs, so climate-matching and other suitability studies may need to be con-
ducted prior to their consideration. More importantly, because host specificity testing
of these agents may have occurred in regions with very different plant assemblages,
PICTs wishing to import particular agents from outside the region should determine
if additional host specificity testing is required prior to the agents’ importation.

Under an Australian Government funded programme, Puccinia spegazzinii was
tested against an additional 17 local plant species by CABI prior to its introduction
into PNG and Fiji. This was despite the agent being tested against 170 species on
behalf of India and China prior to its introduction into those countries (Day et al.
2013b). Conversely, both Neochetina spp. and C. pantherina were introduced into the
PICTs without any additional testing following their testing and subsequent release in
Australia (Julien et al. 2007).

Biocontrol is seen as the most cost-effective, environmentally friendly, and sustain-
able option to manage many weeds in the Pacific and elsewhere. Utilising tried and
proven agents that are both host specific and effective against the target weed species in
other countries maximises the chance of success in new countries while minimising the
risks of non-target impacts (Dovey et al. 2004, Julien et al. 2007, Paynter et al. 2015).
With over 60 agents already deliberately released against more than 20 weed species,
biocontrol of weeds in the PICTs is not a new concept. However, as many of these
agents are found in only a few countries, there is great potential to manage the target
weeds in other countries in the Pacific through their redistribution. In addition, highly
damaging and host specific agents established outside the Pacific could be introduced
to control those weed species not yet targeted.

Through coordinated responses, possibly involving the SPC and the SPREP, as
well as Australia, the USA and New Zealand, the impacts of weeds in the Pacific region
can be reduced through biocontrol, and food security for its inhabitants increased.
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