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� Bikasha collaris has narrow specificity
to the weed Triadica sebifera.

� Limited feeding occurred in no-choice
tests on non-target species, D.
fruticosa and G. lucida.

� Damage, longevity, fecundity by
tallow-fed adults was minimal on
non-targets.

� Spillover risk of B. collaris adults was
found to be unlikely.
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Quarantine host range tests accurately predict direct risk of biological control agents to non-target spe-
cies. However, a well-known direct effect of biological control of weeds releases is spillover damage to
non-target species. Spillover damage may occur when the population of agents achieves outbreak densi-
ties, depletes the target weed, and some feeding occurs on non-target species. Similar to the assessment
of direct risks to non-target species, we assessed the risk of spillover damage to non-target species pre-
release. Quarantine experiments were conducted on the flea beetle Bikasha collaris (Coleoptera:
Chrysomelidae), a potential biological control agent of Chinese tallowtree, Triadica sebifera, a weed of
wetlands, forests, and natural areas in the southeastern U.S.A. Recently emerged, naïve B. collaris adults
were fed leaves of T. sebifera (target species), three close relatives that are non-target species (Ditrysinia
fruticosa, Gymnanthes lucida, Hippomane mancinella), or water. Adult longevity, egg production, and leaf
damage were greatest on the weed and near zero or zero on the non-target species and water control.
A spillover event was simulated by transferring adults to non-target species or water after feeding on
T. sebifera for 2 or 4 weeks and found similar longevity and egg production as those fed only non-
target species or water. These results indicated pre-release that when adults that have fed on T. sebifera
are forced to spillover onto the non-target species, there is no risk of damage and that B. collaris will only
be able to sustain populations on the target weed.
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1. Introduction

Insect herbivores influence plant performance, regulate plant
populations, and shape communities (Maron and Crone, 2006).
Classical biological control of weeds, the deliberate introduction
of exotic agents to control exotic invasive weeds, seeks to capital-
ize on these attributes while assisting in the restoration of invaded
habitats. Biological control of weeds can be a cost-effective, self-
sustaining means of controlling invasive species (van Wilgen
et al., 2013). While a few authors have viewed the implementation
of biological control of weeds with scepticism and described it as
risky (Louda et al., 2003; Simberloff and Stiling, 1996), others
claimed it is an underutilized tool that should play a larger role
in the control of invasive species in natural areas (Seastedt,
2015). However, biological control should only be implemented
with proper assessments of risks and benefits (Hinz et al., 2014;
Pemberton, 2000).

Concerns for the safety of biological control focus on two key
risks, direct effects where a potential agent may cause significant
harm to non-target species and indirect effects where broader
ecological impacts may occur (Fowler et al., 2012). These direct
effects include transitory damage to non-target species upon
which the agent is unable to complete development. Predictions
of risks from direct effects are generally determined through
no-choice starvation testing which distinguishes hosts from
non-hosts (McClay and Balciunas, 2005; Van Klinken, 2000).
Although this research has an excellent track record (Balciunas
and Smith, 2006), it may overestimate host range and can pro-
duce false-positives, excluding otherwise safe agents (Van
Klinken, 2000). An approved agent may exhibit a small amount
of feeding on a non-target species, and this may be considered
acceptable as the agent may be unable to complete development
and sustain a population on any species but the target weed. Such
direct effects may occur as transient damage in the form of spil-
lover onto non-target species that grow in association with the
weed. Distinguishing these short term ephemeral effects from
more sustainable non-target damage would be helpful while
making decisions pre-release about the relative risk of potential
agents. Predicting both direct and indirect risks a priori is a major
goal and challenge of weed biological control.

Spillover in weed biological control is a direct effect where a
non-target is used after an agent builds up high numbers leading
to the collapse of the target weed population (Schooler et al.,
2003). While herbivores may commonly restrict their host range
to sub-family taxa (e.g., genus) (Forister et al., 2015; Jaenike,
1990; Novotny and Basset, 2005; Novotny et al., 2002), strictly
monophagous species may be only rarely available as biological
control agents (Sheppard et al., 2005). Consequently, unintended
short term spillover onto non-target species may occur especially
when oligophagous agents become over abundant and decimate
the target weed (Holt and Hochberg, 2001; Lynch et al., 2002).
When discovered, this spillover may be of great concern
(Dhileepan et al., 2006; Diehl and McEvoy, 1990; Johnson and
Stiling, 1998; Rand and Louda, 2004; Stiling et al., 2004). Popula-
tion outbreaks have been reported following initial release of host
specific agents, however these effects are transitory and have not
led to long term population level non-target impacts (Catton
et al., 2015; Hoddle, 2004a,b; Suckling and Sforza, 2014; Taylor
et al., 2007).

Chinese tallow (Triadica sebifera (L.); hereafter ‘tallow’) is one of
the most damaging invasive weeds in the southeastern U.S.A.,
impacting wetlands, forests, and natural areas (Bruce et al.,
1997). Classical biological control research of tallow began in
2006 (Wheeler and Ding, 2014) with overseas and quarantine host
testing studies resulting in a petition to regulatory authorities
requesting field release of a flea beetle, Bikasha collaris (Baly)
(Coleoptera: Chrysomelidae) (Huang et al., 2011; Wheeler et al.,
2017).

The larvae and adults of B. collaris feed on tallow roots and
leaves, respectively. The results of host range studies indicated a
high degree of specificity where B. collaris was unable to sustain
a population on any non-target species. However, adult no-
choice tests showed a limited amount of foliage feeding on two
related species of Euphorbiaceae, Ditrysinia fruticosa (Bartram)
Govaerts & Frodin and Gymnanthes lucida Sw. Oviposition by B. col-
laris only occurred on the target weed, tallow and on G. lucida
where an average of 4.6 eggs (all non-viable) were produced
(Wheeler et al., 2017). Another species of special concern was Hip-
pomane mancinella L., a close relative of tallow and listed as endan-
gered in Florida (Coile and Garland, 2003; Weaver and Anderson,
2010). Our host range research indicated little risk from direct
effects by B. collaris on any of these non-targets. However, the risk
of spillover damage onto non-targets after B. collaris had fed on tal-
low was unknown.

Results reported by Wheeler et al. (2017) indicated that, when
B. collaris adults had fed on T. sebifera for two weeks, they were
able to feed and had extended longevity on two non-target species,
D. fruticosa and G. lucida. Possibly, this feeding and extended long-
evity could be explained by the use of well-fed adults that had pre-
viously developed on their primary host on which they acquired
sufficient resources to continue to feed after being switched to
non-target plants. Thus, we predicted that adult feeding and long-
evity would decrease if adults were fed on these non-targets with-
out the benefit of prior exposure to T. sebifera.

To examine the risk of spillover pre-release, we compared B. col-
laris adult performance when they were naïve, or when they were
fed tallow for 2 or 4 weeks and then switched to the non-targets in
question. These responses were compared with adults fed contin-
uously on tallow and also adults provided with water only. We
determined the effects of these manipulations on adult feeding,
longevity and oviposition to show pre-release to what extent B. col-
laris adults could spillover and cause significant and sustained
damage on the non-target species.
2. Methods and materials

2.1. Insects

In its native range, the flea beetle B. collaris has a temperate to
subtropical distribution and was collected in Hubei, Ghizhou,
Guangxi, and Hunan provinces ranging from latitudes 31.6�–
24.8� North. Quarantine colonies of B. collaris were initiated from
two shipments made in November 2008 and October 2009 from
Wuhan Botanical Garden, Wuhan, Hubei, China. Upon arrival in
the US, the B. collaris collections were housed in the quarantine
facility at the Invasive Plant Research Laboratory, USDA/ARS in Gai-
nesville, FL where all of the studies were conducted. All of the colo-
nies were rearedion live T. sebifera plants.

Bikasha collaris is a small beetle with adults about 2 mm long
(Wheeler et al., 2017). Adults feed on young and old tallow leaves.
In the laboratory females deposit eggs on multiple surfaces: leaves,
stems, damp sand, cotton, and filter paper. In nature, females ovi-
posit on the soil surface at the base of plants. The duration of the
life cycle of B. collaris fed on T. sebifera under laboratory conditions
was about 45 days from egg to adult, 9 days from egg to larva,
21 days from larva to pupation which lasted for 15 days before
adult eclosion. Females began oviposition 17 days after eclosion
and some continued to produce eggs for up to 6 months
(Wheeler et al., 2017).



Fig. 1. Mean (±SEM) longevity of adult Bikasha collaris flea beetles when fed tallow,
water only, or switched from tallow to different species at different intervals (0, 2,
or 4 weeks). Means with the same letters, within a time interval, were not
significantly different according to a LSD with Tukey’s adjustment (P = 0.05). ns: not
significant.
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2.2. Plants

The Triadica taxon, is a small genus endemic to eastern and
southeastern Asia (Esser, 2002). The closest relatives in North
America are members of the same subtribe, Hippomaninae which
include D. fruticosa, G. lucida, and H. mancinella (USDA/NRCS,
2016). Plants of D. fruticosa were collected at O’ Leno State Park,
Columbia Co, FL; H. mancinella were collected at the poisonous
plant garden at the University of Florida, Ft Lauderdale, FL; and
G. lucida were purchased at Mesozoic landscapes (Lake Worth,
FL) and Plant Creations, Homestead, FL. Triadica sebifera plants
were obtained from germinated seeds collected near Gainesville,
FL.

2.3. Adult threat of spillover damage to non-targets

To test the prediction that B. collaris can survive on selected
non-hosts if previously exposed to the primary host, T. sebifera,
pairs of adults were placed in 30 ml plastic cups with a layer of
moistened sand (10 ml) covered with a moistened 3.0 cm binder-
free glass microfiber filter disc (WhatmanTM Grade 934-AH). A tal-
low or test plant leaf was provided for food, the petiole of which
was wedged between the side of the cup and the sand so that
the leaf was positioned vertically. Cups were capped with plastic
lids ventilated with a 6 mm central hole and plugged with a piece
of absorbent cotton. Females oviposited on the filter paper, the
leaves, and sides of the cups or between the filter paper and the
sand. Twice each week adults were transferred to clean cups for
egg production with fresh plant material. Old leaves were
exchanged for fresh leaves between cup changes. Eggs were col-
lected twice each week. Control adults continued to be monitored
at least two weeks after all adults had died on non-target leaves.

To examine the potential for spillover damage by B. collaris,
pairs of recently-emerged adults were placed in each container
and fed tallow for different periods (0 (naïve), 2, or 4 weeks) before
they were switched to one of the non-target leaves. Following this
switch female longevity (d), fecundity (number of eggs), and feed-
ing damage (mm2) were measured. Each plant species by feeding
duration combination was replicated three times. The methods fol-
lowed the standard protocols for adult no-choice tests conducted
during previous host range determination (Wheeler et al., 2017).
Feeding damage was determined by measuring area consumed
after each test. Leaf area was measured (40–140 X) with a portable
digital microscope (IPM Scope Mega Pixel, Item No: 2860MP, Spec-
trum Technologies, Inc.). Each photographic image was processed
with Adobe Photoshop Elements which converted the consump-
tion results to mm2. We included the three non-target species D.
fruticosa, G. lucida and H. mancinella. Additionally, a water only
treatment, moistened dental wicks, was included to compare the
nutritional value of each non-target leaf.

2.4. Statistical analyses

To determine the effect of diet on naïve adults (prior to diet
switching) we analyzed longevity, egg production and feeding for
adults fed tallow, non-target species or water alone with a one-
way ANOVA. The response data were checked for compliance with
the assumptions of ANOVA and when necessary normality was
improved with a log (x + 1) transformation (Sokal and Rohlf,
1981). To determine the effect of date of the diet switch (0, 2, or
4 weeks) and species (plant species or water alone) on B. collaris
adult longevity, feeding and egg production, we used repeated
measures analysis of variance (ANOVA). The PROC MIXED proce-
dure was used in SAS with autoregressive order 1 covariance struc-
ture (SAS Institute, Inc., 2014), and when there was a significant
date by species interaction the SLICE command was used to exam-
ine diet effects for each date separately. Specific comparisons were
made using least significant differences (LSD) tests with the
Tukey’s adjustment (P = 0.05).

3. Results

3.1. Adult longevity

Mean longevity was significantly greater for naïve B. collaris
adult females fed tallow continuously compared with those fed
only water or the leaves of non-target species (F4,10 = 15.87;
P = 0.0002) (Fig. 1). Naïve adult females (mean (±SEM)) fed tallow
lived significantly longer (63.2 ± 10.9 days) compared with those
fed only water (2.3 ± 0.3 days), D. fruticosa (5.5 ± 0.3 days), G. lucida
(4.0 ± 0.3 days), or leaves of H. mancinella (8.3 ± 6.1 days) (Fig. 1).
All naïve adults fed only water or non-target leaves from emer-
gence lived less than 9 days and there was no significant difference
in longevity among them (Fig. 1).

We found a significant date effect for longevity indicating that
adult females previously fed tallow generally lived longer after
being switched to water or the non-target species compared with
naïve adults that did not have a previous tallow meal (Table 1).
Additionally, a significant species effect was found where differ-
ences in longevity occurred among adult females switched to the
different non-target species or water (Table 1). Longevity increased
significantly only for adults switched from tallow after 4 weeks to
H. mancinella compared with adults switched to water (P = 0.0035
by LSD tests) (Fig. 1). The interaction between date and species for
longevity was not significant (Table 1).

3.2. Egg production

Mean egg production was significantly greater for naïve B. col-
laris adults fed tallow compared with those fed only water or the
leaves of non-target species (F4,10 = 15.48; P = 0.0003) (Fig. 2).
Adult females fed tallow leaves produced a mean (±SEM) of 93.3
(±25.0) eggs. By contrast, no eggs were produced by naïve adults
fed only water or each non-target leaf.

Egg production by adults previously fed tallow for either 2 or
4 weeks was not significantly affected by switching from tallow
to water or the non-target species (Fig. 2; Table 1). Moreover, the
interaction between date and species for egg production was not



Table 1
Statistics from ANOVA accessing effects of date of Bikasha collaris switch from tallow
to the non-target, species including water, the weed Triadica sebifera, and non-targets
Ditrysinia fruticosa, Gymnanthes lucida, and Hippomane mancinella. Significant P values
are in bold.

Effect df F P

Longevity
Date (D) 2 17.31 <0.0001
Species (S) 3 9.4 0.0053
D * S 6 1.29 0.3160

Egg production
Date (D) 2 2.28 0.1348
Species (S) 3 0.11 0.949
D * S 6 0.56 0.7585

Leaf damage
Date (D) 2 2.21 0.1525
Species (S) 2 3.15 0.1163
D * S 4 3.92 0.0292a

Species at 0 weeks 2 1.34 0.2992
Species at 2 weeks 2 6.43 0.0126
Species at 4 weeks 2 1.45 0.2725

a Significant interaction allowed comparison of species at different date intervals.

Fig. 2. Mean (±SEM) egg production of adult Bikasha collaris flea beetles when fed
tallow only, water, or tallow and then switched to different species or water at
different intervals (0, 2, or 4 weeks). Means with the same letters, within a time
interval, were not significantly different according to a LSD with Tukey’s adjustment
(P = 0.05). ns: not significant.

Fig. 3. Mean (±SEM) leaf damage (mm2) of adult Bikasha collaris flea beetles when
fed tallow only, water, or tallow and then switched to different species at different
intervals (0, 2, or 4 weeks). Means with the same letters, within a time interval,
were not significantly different according to a LSD with Tukey’s adjustment
(P = 0.05). ns: not significant.
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significant (Table 1). Adults that were switched to water after
2 weeks and 4 weeks of feeding on tallow produced 7.7 (±7.7)
and 0 eggs, respectively. The adults switched to D. fruticosa pro-
duced 9.7 (±9.7) eggs and 1.0 (±0.6) egg after previously fed tallow
for 2 and 4 weeks, respectively. Those switched from tallow to G.
lucida at 2 weeks produced 11.7 (±11.7) eggs per female and there-
after no additional eggs. The adults switched to H. mancinella after
2 and 4 weeks produced 0 and 5.0 (±5.0) eggs per female, respec-
tively (Fig. 2).
3.3. Leaf damage

Mean leaf damage was significantly greater for naïve B. collaris
adults fed tallow compared with those fed leaves of non-target
species (F3,8 = 54.91; P < 0.0001). Tallow leaf damage (mean
(±SEM)) caused by naïve adults averaged 634.6 (±80.7) mm2

(Fig. 3). This damage was significantly greater than that of naïve
adults fed the non-target species D. fruticosa (32.6 ± 22.5) mm2,
G. lucida (0 ± 0) mm2, or leaves of H. mancinella (5.8 ± 5.8) mm2

(Fig. 3).
Leaf damage by adults was significantly affected only by the
interaction of date and species (Table 1). Leaf damage comparisons
among the non-targets were only significant for adults previously
fed tallow for 2 weeks then switched to the non-targets (Table 1).
However, individual comparisons (SLICE command in PROC
MIXED) were not significant among the adults switched at 2 weeks
from tallow to these non-targets. The adults switched after
2 weeks to D. fruticosa caused 66.0 (±31.8) mm2 leaf area damage,
but adults switched to either G. lucida or H. mancinella did not feed
(all P > 0.13 by LSD tests). Leaf damage of adults switched from tal-
low at 4 weeks was not significantly different among non-targets.
This leaf damage to D. fruticosa was 46.5 (±17.9) mm2, to G. lucida
was 36.8 (±13.6) mm2, and to H. mancinella was 11.5 (±11.4) mm2

(Fig. 3).
4. Discussion

The results presented here confirm previous research which
indicated that B. collaris will not sustain populations on the non-
target species (Wheeler et al., 2017). Further, this study indicated
that populations of B. collaris will not be sustained without contin-
ued access to the target weed. Our results showed that egg produc-
tion is dependent upon sustained adult feeding on tallow leaves.
Further, when fed tallow for 2 or 4 weeks and then switched to
non-target leaves, they produced no more eggs than those pro-
vided only water. If egg production occurs by naïve, tallow or
non-target-fed adults, the larvae will not survive feeding on the
roots of any other species except tallow (Wheeler et al., 2017). In
order for a B. collaris population to be sustained, tallow will have
to be growing in close proximity to the non-targets. Of these
non-targets, D. fruticosa is the species most vulnerable to spillover
damage as it is the only species tested here that has an overlapping
distribution with tallow (EddMapS, 2016; USDA/NRCS, 2016).

Spillover damage in biological control of weeds to non-target
plants is generally considered a transient event, i.e. temporary
and following the depletion of the target weed (Sheppard et al.,
2005; Thomas et al., 2004). This typically occurs following large
population outbreaks of agents, and damage to non-targets is
greatest where the geographic range of the weed and non-target
overlap (Taylor et al., 2007). However, sustained damage may
occur to non-targets when the weed and non-targets are sympatric
(Rand and Louda, 2004). For example, Chrysolina quadrigemina
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Suffrian (Coleoptera: Chrysomelidae) introduced in the western U.
S.A. for biological control of invasive St. Johnswort, Hypericum per-
foratum L. impacts a native species H. punctatum Lam. in the east-
ern U.S.A. Through feeding most vigorously in sunny exposed
plants, the biological control agent influences the spatial distribu-
tion of the native, H. punctatum where it occurs along forest edges
despite its higher performance in open habitats (Tingle et al.,
2016).

Our results indicate that B. collaris adults, without a previous
tallow meal, survived for a few days and caused a small amount
of feeding damage (i.e. nibbling) when switched to the non-
target species. Possibly the handling of the adults to conduct this
host switch decreased longevity, egg production and feeding but
this seems highly unlikely. Compared with damage to tallow, feed-
ing of D. fruticosa (7% of tallow damage), G. lucida (6% of tallow
damage), and H. mancinella (1% of tallow damage) was significantly
reduced. In a spillover scenario, after the adults feed on tallow and
deplete this as a food source, longevity on H. mancinella (after
4 weeks tallow feeding) increased slightly but no significant feed-
ing damage occurred. We suspect that the increased longevity on
H. mancinella, without apparent simultaneous feeding, was due
to B. collaris consumption of extrafloral nectar produced by this
species (Koptur, 1992). These EFN secretions are a plant defense
produced constitutively and in response to herbivory that provide
nutrients to predators and parasitoids (Heil, 2015). Extrafloral nec-
tar may provide short term nutrition to herbivores as they contain
sugars, amino acids and other nutrients (Baker and Baker, 1973;
Bentley, 1977). Although we have not seen herbivores feeding at
extrafloral nectar of H. mancinella, herbivores have been known
to exploit these resources (DeVries and Baker, 1989).

Previous experience and the physiology of herbivores can be
important factors that influence host plant discrimination during
feeding and oviposition (Bernays and Chapman, 1994). Several fac-
tors including food deprivation and egg load have been shown to
influence the acceptance of host plant species (Barton-Browne,
1993; Dethier, 1982). Some herbivorous insects become less selec-
tive with increased host deprivation (Fitt, 1986; Horton and
Krysan, 1991; Roitberg and Prokopy, 1983; Singer, 1982). Herbivo-
rous insects developed for biological control of weeds may be more
accepting of non-target species when deprived of the target weed
(Withers, 1997). The results of B. collaris presented here showed
that food deprivation had no effect on host selection. Both naïve
adults and those that were switched from tallow to non-target spe-
cies experienced a period of brief food deprivation. However, adult
B. collaris deprived of tallow either when recently emerged, or after
2 or 4 weeks of feeding on their host, did not change acceptance of
the non-host species tested here for feeding or oviposition. Tallow-
fed adults, after being switched to water or the non-targets, were
able to live a few days but this was apparently due only to the
reserves derived from previous tallow meals. Thus for B. collaris
adults, acceptance of the non-targets for feeding and oviposition
did not change with food deprivation.

The spillover effects of biological control agents have been dis-
cussed by several researchers (Fowler et al., 2012; Thomas et al.,
2004) but mostly examined in post-release studies (Blossey et al.,
2001; Catton et al., 2015; Dhileepan et al., 2006; Lake et al.,
2015; Schooler et al., 2003; Tingle et al., 2016). Notable exceptions
were field studies conducted on one continent (e.g., Africa) to assist
in the decision to release on another continent (e.g., North Amer-
ica) (Center and Hill, 2002; Coetzee et al., 2009). Additionally, a
simulation model was developed a priori to predict the risks and
benefits, including spillover events associated with the release of
a specialist herbivore (Raghu et al., 2007). A method that predicts
risk of spillover prior to release, has obvious benefits. The research
presented here was conducted during quarantine host testing and
allows for a prediction of spillover damage to non-targets by a
potential agent being considered for release. The ability to make
these pre-release predictions of non-target effects are high priori-
ties for the development of safe biological control agents
(Hopper, 2001). Our results indicate that the risk of spillover dam-
age to non-target species by the potential tallow biological control
agent B. collaris is highly unlikely as the adults are unable to feed
and exploit other species to complete their life cycle.
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