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Abstract
Despite potential negative interactions between biological control agents, the release of multiple agents against invasive 
alien weeds is often justified. The leaf-feeding beetle Mada polluta Mulsant (Coleoptera: Coccinellidae), released against 
Tecoma stans (L.) Juss ex Kunth var. stans in South Africa, has so far been unable to contain the weed. Consequently, the 
root-feeding flea beetle Heikertingerella sp. (Coleoptera: Galerucinae) was introduced to complement M. polluta. The effects 
of the interaction between the two beetles on their performance and on the target weed were studied on potted T. stans plants 
in a quarantine glasshouse to assess whether they were additive, synergistic or negative. There was no significant difference 
in the percentage survival of the P1 adults of either beetle when tested alone or in combination. Mada polluta produced 
significantly more F1 adult progeny than Heikertingerella sp. when tested alone, while both beetles produced significantly 
fewer offspring when tested in combination. Leaf damage by M. polluta alone was higher than that caused by Heikertinger-
ella sp. alone, but in combination was not significantly higher than damage by M. polluta alone. Although both beetles on 
their own caused a significant reduction in leaf density relative to the control, leaf density was significantly lower when in 
combination. Despite significant reductions in plant height relative to the control, the differences between the three beetle 
treatments were not significant. Although competitive interactions caused a trade-off between agent proliferation and their 
impact on the growth of T. stans, these data need to be confirmed in the field.
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Introduction

The release of multiple agents to control invasive plant 
species has been applied in many biological control pro-
grammes, with success often increasing with the number 
of agents released (Denoth et al. 2002). While there has 
been support for the release of multiple agents in both con-
cept and practice (e.g. Hoffmann and Moran 1998; Jime-
nez and Balandra 2007), there has also been criticism of 
this approach (e.g. Myers 1985; Myers et al. 1989; McEvoy 

and Coombs 2000; Denoth et al. 2002; Crowe 2003). Crit-
ics have described this as a “lottery approach” (McEvoy 
and Coombs 2000), arguing that control arising from the 
release of multiple agents is due to the increased probability 
of releasing an effective agent, rather than the combined 
impact of the suite of agents. Although competition among 
phytophagous insects appears rare in their native ranges 
(Rathcke 1976; Strong et al. 1984), introduced herbivores 
typically experience a decrease in regulation by their natural 
enemies and thus higher population densities (Harley and 
Forno 1992; Keane and Crawley 2002), which could have 
profound negative consequences for established biocontrol 
agents. In particular, greater competition for shared food 
resources or the same niches can cause antagonistic effects 
on agent populations (Denno et al. 1995; Paynter and Hen-
necke 2001; April et al. 2011).

The invasive Central American tree, Tecoma stans (L.) 
Juss ex Kunth var. stans (Bignoniaceae) commonly known 
as yellow bells, was targeted for biological control in South 
Africa in 2005 (Madire et al. 2011a, b). Tecoma stans has 
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invaded much of South Africa, as well as neighbouring 
countries in southern Africa and other countries in the world. 
Increasing infestations of T. stans during the past 20 years 
have been a concern in South Africa, leading to the initia-
tion of the biological control programme. The programme 
has resulted in the release of two insect agents, the leaf-
feeding beetle Mada polluta Mulsant (Coleoptera: Coccinel-
lidae) and a leaf-mining fly Pseudonapomyza sp. (Diptera: 
Agromyzidae) in 2013 and 2014, respectively. Mada polluta 
has since established and become abundant at a few sites 
in KwaZulu-Natal (KZN) and the Eastern Cape (EC) prov-
inces, while very small populations of Pseudonapomyza sp. 
have been recorded in KZN, EC, Limpopo and Mpumalanga 
provinces. Due to the severity of T. stans invasions in South 
Africa, it has been argued that a suite of agents is required 
to attack various parts of the plant, including the root sys-
tem and the reproductive organs (Madire et  al. 2011a). 
The Mexican root-feeding flea beetle Heikertingerella sp. 
(Chrysomelidae: Galerucinae: Alticini) was introduced into 
quarantine in South Africa for assessment as an additional 
biocontrol agent for T. stans. While the adult flea beetles can 
cause extensive leaf damage, the larvae feed on the roots of 
the plant, often reducing growth (Madire et al. 2021). Host 
specificity testing has demonstrated that Heikertingerella sp. 
is suitable for release in South Africa (Madire et al. 2021). 
Research on plant-mediated interactions should form part of 
pre-release evaluation protocols to assist in decision-making 
about which agents to introduce in classical biological con-
trol programs, in order to achieve the greatest impact on 
invasive weeds (Milbrath and Nichols 2014).

Assuming that Heikertingerella sp. will eventually be 
cleared for release, this study examined the consequences of 
the simultaneous release of Heikertingerella sp. and M. pol-
luta on the performance of each agent species on their shared 
host and on the growth of the target plant. When released 
from their natural enemies in the introduced range, biocon-
trol agents may compete with other agents that share the 
same host (Harley and Forno 1992; Sheppard and Woodburn 
1996). Such competitive interactions for the same resources 
may be mediated by their host plant through changes in food 
quality or induced defences in response to herbivore attack 
(Denno et al. 1995; Gerber et al. 2007), with negative con-
sequences for one or all agents. Below-ground herbivores 
can be effective agents by causing substantial damage to 
roots, which may have a more severe impact on plant fit-
ness than above-ground damage (Gerber et al. 2007; Johnson 
and Cushman 2007). However, interactions between below-
ground herbivores and their host plant could have a profound 
influence on above-ground herbivores (e.g. Simelane 2006), 
and this effect could be positive or negative for Heikerting-
erella sp. and M. polluta.

In this study, we assessed the interactions between M. 
polluta and Heikertingerella sp. by examining their survival 

and reproductive success when confined alone and in com-
bination on potted T. stans plants in cages. We also assessed 
the individual and combined impact of both herbivores on 
leaf damage, leaf density and plant height.

Materials and methods

Laboratory conditions

This study was conducted in quarantine glasshouse at the 
Agricultural Research Council-Plant Health and Protec-
tion, Roodeplaat facility in Pretoria, South Africa (25° 36′ 
8780″ S; 28° 21′ 9230″ E). The temperature and relative 
humidity during the trial was set at 28–33 °C and 47–60%, 
respectively. This study was conducted under natural light 
conditions during summer and under a LD 16:8 photoperiod 
during winter. The winter photoperiod was maintained using 
50 W/LED 4000 K/230 V LED floodlights (Spazio lighting). 
Tecoma stans plants were propagated from seeds collected in 
the field using river sand only as the growth medium. After 
the seeds had germinated, the seedlings were transplanted 
into 2 l pots containing a standard growing mixture of one 
part each of top soil, river sand, compost and vermiculite. 
These plants were watered twice a day and Wonder Nitro-
gen, Phosphorus and Potassium fertilizer (2:3:2 [14%]) was 
applied every 3 weeks to promote plant growth. Plants were 
maintained until they were 1-year old and then used in the 
trial. Heikertingeralla sp. and M. polluta cultures that pro-
vided individuals for this study were reared on T. stans under 
the same conditions in the quarantine glasshouse, in gauze-
covered cages (0.55 × 0.55 × 0.95 m).

Life history of the study organisms

Adults of the root-feeding flea beetle Heikertingerella sp. 
feed on the leaves of T. stans and create small, irregular 
round holes by scraping the leaf epidermis through to the 
mesophyll, eventually causing extensive damage. The 
females deposit eggs onto the soil surface of potted plants. 
Heikertingerella sp. larvae feed on the secondary roots and 
develop on the core of the primary roots, eventually pupat-
ing in the soil until adult emergence. The flea beetle has a 
generation time from adult to adult of 49–67 days (Madire 
et al. 2021).

Both adults and larvae of the lady beetle M. polluta feed 
on the leaves of T. stans. Adults feed on the upper surface 
of the leaves, whereas the larvae feed on the under surface. 
Female M. polluta deposit their eggs in clusters on the under 
surface of the leaves and all larval instars develop on the 
leaves until pupation. This lady beetle has a generation time 
of ca. 36 days (Madire 2013).
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Experimental design

Sixteen 1-year old T. stans plants of similar stem height, 
ranging from 18 to 20 cm tall (Mean ± SE = 19.56 ± 0.16; 
n = 16) and leaf density, ranging from 16 to 29 leaves 
(Mean ± SE = 19.94 ± 0.80; n = 16) were selected from 
the nursery for the experiment. Plants were sprayed with 
water and cleaned to remove any unwanted insects or 
contaminants before they were moved to the quarantine 
glasshouse. Individual plants were placed in separate 
gauze-covered cages (0.55 m × 0.55 m × 0.95 m) prior to 
their exposure to the insects. The four treatments included 
controls (with no insects), five mating pairs of Heikertin-
gerella sp. only, five mating pairs of M. polluta only and 
a combination of Heikertingerella sp. and M. polluta that 
included three mating pairs of each beetle species. Insect 
densities were chosen based on the results of preliminary 
assays conducted to determine the range of insect densities 
in which considerable damage was observed on the growth 
and development of the plant. Newly emerged adults (P1) 
were used in this study and each treatment was replicated 
four times. After 20 days, the surviving P1 adults of Heik-
ertingerella sp. and M. polluta were counted and removed 
from the plants in all treatments, while their immature 
stages (i.e., eggs, larvae and pupae) were allowed to 
develop to adulthood over 60 days and then recorded. To 
determine the effect of the treatments on the two agents, 
we compared the percentage survival of P1 adults over the 
20-day period and the number of emerging F1 progeny 
over the 60-day period, between the individual and com-
bined exposures. To determine the response of the host 
plants to each treatment, we compared adult foliar damage, 
leaf density and plant height between the controls and the 
three beetle treatments after the 60-day period.

Data analysis

The statistical analyses were conducted using IBM SPSS 
version 26.0. Since the datasets did not meet the assump-
tions of normality, generalized linear modelling was used 
to determine the effect of treatment on the numbers of sur-
viving P1 adults, F1 progeny, leaves damaged, leaves pro-
duced and the size of the plants. The models that analysed 
count data incorporated a Poisson distribution (corrected 
for over-dispersion) with a log link function. The model that 
analysed plant size data incorporated a Tweedie distribu-
tion (corrected for over-dispersion) with a log link func-
tion. Significance (p < 0.05) was assessed using Likelihood 
ratio chi-square statistics because of the small sample sizes. 
When treatment had a significant influence, post-hoc paired 
comparisons (Fisher’s Least Significant Difference) were 
performed on the means.

Results

Survival of P1 adults of Heikertingerella sp. and M. 
polluta

The percentage survival of the P1 adults of M. polluta and 
Heikertingerella sp. did not differ between the single and 
combined treatments during the 20-day period (χ2 = 1.100; 
df = 3; p = 0.777). The percentage survival of M. polluta in 
both single and combined treatments was slightly higher 
than that of Heikertingerella sp. in the same treatments, 
with 73% and 71% of M. polluta adults surviving in single 
and combined treatments, respectively, compared to 67% 
and 68% of Heikertingerella sp. adults surviving in the 
same treatments (Fig. 1).

Emergence of F1 adult progeny of Heikertingerella 
sp. and M. polluta

There were significant differences in the number of F1 
adult progeny emerging from single and combined treat-
ments of Heikertingerella sp. and M. polluta (χ2 = 63.547; 
df = 3; p < 0.001). The numbers of adult progeny produced 
by both beetle species in the single treatments were signifi-
cantly higher than those produced in the combined treat-
ments (Fig. 2). When confined alone on T. stans, M. pol-
luta produced 46% more adult progeny than when confined 
with Heikertingerella sp. Similarly, Heikertingerella sp. 
produced 65% more adult progeny when confined alone 
than when confined with M. polluta (Fig. 2).

Fig. 1  Mean (± S.E.) percentage of P1 adults of Heikertingerella sp. 
and M. polluta that survived in single and combined treatments dur-
ing a 20-day period. Heiker only = Heikertingerella sp. alone; Mada 
only = M. polluta alone; Heiker combined and Mada combined = both 
beetles in combination. Bars with the same letter are not significantly 
different (Fisher’s Least Significant Difference)



268 L. G. Madire et al.

1 3

Leaf feeding damage and leaf density

There were significant differences in leaf damage between 
single and combined exposures of T. stans to Heikerting-
erella sp. and M. polluta (χ2 = 101.099; df = 2; p < 0.001). 
Exposure to M. polluta only and a combination of both 
species caused significantly more leaf damage than expo-
sure to Heikertingerella sp. only, with no significant differ-
ence between the M. polluta only and combined treatments 
(Fig. 3).

Exposure to Heikertingerella sp. alone, M. polluta 
alone and a combination of the two beetle species sig-
nificantly reduced leaf density on T. stans relative to the 
control (χ2 = 44.964; df = 3; p < 0.001). Exposure to each 
of Heikertingerella sp. and M. polluta alone reduced leaf 

density by 20% and 29%, respectively, while exposure to a 
combination of both species reduced leaf density by 43% 
(Fig. 4).

Plant height

Single and combined exposures to Heikertingerella sp. and 
M. polluta caused significant reductions in plant height 
(χ2 = 62.890; df = 3; p < 0.001) in relation to the control. 
However, there were no significant differences in plant 
height between the three beetle exposure treatments. Plant 
height in the Heikertingerella sp. only, M. polluta only and 

Fig. 2  Mean (± S.E.) number of Heikertingerella sp. and M. polluta 
F1 adult progeny that emerged from single and combined treatments. 
Heiker only = Heikertingerella sp. alone; Mada only = M. polluta 
alone; Heiker combined and Mada combined = both beetles in com-
bination. Bars with different letters are significantly different (Fisher’s 
Least Significant Difference)

Fig. 3  Mean (± S.E.) number of damaged leaves on Tecoma 
stans plants exposed to Heikertingerella sp. alone (Heiker only), 
Mada polluta alone (Mada only) and both beetles in combination 
(Heiker + Mada). Bars with different letters are significantly different 
(Fisher’s Least Significant Difference)

Fig. 4  Mean (± S.E.) number of leaves produced by Tecoma stans 
in response to exposure to Heikertingerella sp. alone (Heiker only), 
Mada polluta alone (Mada only) and both beetles in combination 
(Heiker + Mada). Bars with different letters are significantly different 
(Fisher’s Least Significant Difference)

Fig. 5  Mean (± S.E.) height of Tecoma stans plants exposed to Heik-
ertingerella sp. alone (Heiker only), Mada polluta alone (Mada only) 
and both beetles in combination (Heiker + Mada). Bars with the same 
letter are not significantly different (Fisher’s Least Significant Differ-
ence)
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combined treatments were reduced by 20.3%, 20.8% and 
21.3%, respectively, relative to the control (Fig. 5).

Discussion

Although there seems to be a trade-off between the addi-
tive effect of Heikertingerella sp. and M. polluta on T. 
stans and the reduction in their reproductive success, the 
two beetle species had a greater impact when combined 
than when confined individually. On their own, Heikertin-
gerella sp. and M. polluta reduced leaf density by 20% and 
29%, respectively, but together caused a 43% reduction 
as a result of higher levels of leaf damage. Reductions 
in plant height through insect attack were similar for the 
single and combined treatments relative to the control. 
Although it is uncertain how Heikertingerella sp. and M. 
polluta will affect weed density, our study suggests that 
they could complement each other in the field, particularly 
since the larvae of Heikertingerella sp. are root feeders.

The additive impact of Heikertingerella sp. and M. pol-
luta implies that releases of both species as biocontrol 
agents could be more effective than the release of a sin-
gle species. This supports the notion that weed biocontrol 
success rates improve with releases of multiple agents 
(Denoth et al. 2002; Seastedt et al. 2007). For example, 
the release of an undescribed leafhopper (Hemiptera: 
Cicadellidae), formerly referred to as Zygina sp., and the 
rust fungus Puccinia myrsiphylli (Thuem.) Winter (Puc-
ciniaceae) against Asparagus asparagoides (L.) Druce 
(Asteraceae) in Australia had an additive impact on vari-
ous plant growth parameters (Turner et al. 2010). Further-
more, the combined impact of the leaf- and stem-mining 
Neurostrota gunniella Busck (Lepidoptera: Gracillariidae) 
and the fungus Phloeospora mimosa pigra H.C. Evans & 
Carrion (Ascomycotina) in reducing the leaf density of 
Mimosa pigra L. (Mimosaceae) in Australia was higher 
than that caused by each species on its own (Paynter and 
Hennecke 2001).

Stiling and Cornelissen (2005) concluded that multiple 
releases of biocontrol agents against insect and plant pests 
decreased pest abundance by 27.2% more, when compared 
to single-species releases. While our study revealed an 
antagonistic interaction between Heikertingerella sp. and 
M. polluta, with fewer F1 progeny produced in combina-
tion than in isolation, this is unlikely to diminish their 
combined negative effect on the target weed. For example, 
despite decreased populations of the thistle-head weevil 
Rhinocyllus conicus Froelich (Coleoptera: Curculionidae) 
in the presence of the rosette weevil Trichosirocalus hor-
ridus Panzer (Coleoptera: Curculionidae), their combined 
attack reduced viable seed production in Carduus nutans 
L. (Asteraceae) by 59%, while the presence of R. conicus 

alone caused a 45% reduction (Milbrath and Nechols 
2004). Several other studies (Crawley 1983; Kinsmann 
and Platt 1984; Marquis 1984; Strauss 1991; Karban and 
Strauss 1993; Poveda et al. 2003) have also demonstrated 
that releases of multiple biocontrol agents may be needed 
to inflict sufficient damage on target weed populations.

The interaction between Heikertingerella sp. and M. pol-
luta deserves further investigation under field conditions, 
since our laboratory trials may have exacerbated interfer-
ence between the two species, more than would otherwise 
occur under unconfined conditions. Although F1 progeny 
production by both beetle species was reduced by competi-
tion, Heikertingerella sp. was more affected. The shorter 
developmental period of M. polluta (36 days) (Madire 2013) 
and its potential for rapid population increase might have 
reduced food quality for Heikertingerella sp., thereby nega-
tively affecting its performance due to a longer develop-
mental period (49–67 days) (Madire et al. 2021). However, 
unlimited food resources under field conditions are likely 
to mitigate any niche overlap (i.e. leaf feeding) between the 
two beetle species, particularly since biocontrol agents often 
avoid plant tissues infested by competitors in the field (e.g. 
Rayamajhi et al. 2006), thereby reducing competition. Fur-
thermore, the size of both the potted plants and the cage 
might have limited the development of the root system and 
the foliage of T. stans, thereby affecting both species; par-
ticularly Heikertingerella sp. which displays longer larval 
development and feeding activity (Brown and Gange 1990; 
Masters et al. 1993). Buccellato et al. (2019) also found that 
the results of glasshouse trials on agent interactions were 
not predictive of the field results, and attributed this to vari-
ation in biotic and abiotic environmental factors which are 
excluded in the controlled conditions of a glasshouse trial. 
Thus uncertainty makes it difficult to select the best possible 
agent for a target weed (i.e. “silver bullet”) and biocontrol 
programmes thus often tend towards the “cumulative stress” 
approach (e.g. Dauer et al. 2012).

Although the two beetle species have been found in simi-
lar habitats in their native range in Central America, popu-
lations of M. polluta appear to peak earlier in the season 
than those of Heikertingerella sp. This could allow resource 
partitioning over time (Denno et al. 1995) and promote co-
existence between the two agents in the field. However, an 
increase in the intensity of herbivory by early-season M. pol-
luta could cause rapid deterioration of the host plants, with 
adverse effects on the performance of late-season Heikertin-
gerella sp. (e.g. Hunter 1990; Denno et al. 1995; Kaplan and 
Denno 2007). Nonetheless, we speculate that unlimited food 
resources under field conditions in South Africa are likely to 
dampen the effects of competition between early- and late-
season feeding agents (Rayamajhi et al. 2006).

Blossey and Hunt-Joshi (2003) also argued that the per-
formance of root-feeding herbivores could be compromised 
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if food quality and quantity is reduced by aboveground herbi-
vores, which is likely to be exacerbated on potted plants under 
confined conditions. However, such events are likely to be 
rare under field conditions (Hunt-Joshi and Blossey 2005), 
emphasizing the need to confirm these results with field trials, 
once Heikertingerella sp. is approved for release from quaran-
tine. Indeed, entire defoliation of purple loosestrife Lythrum 
salicaria L. (Lythraceae) shoots by the leaf-feeding beetle 
Galerucella calmariensis L. (Coleoptera: Chrysomelidae) 
in field cages had no negative impact on leaf herbivory by 
adults of the root-feeding weevil Hylobius transversovittatus 
Goeze (Coleoptera: Curculionidae) (Hunt-Joshi and Blossey 
2005). While additional long-term data under field conditions 
are needed, our data suggest that the simultaneous release of 
Heikertingerella sp. and M. polluta appears likely to comple-
ment the biocontrol programme against T. stans.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11829- 021- 09814-8.
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