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Abstract Pre-release efficacy assessments (PREA)
can be used to prioritise the most damaging candi-
date agents for further studies in biological control
programmes against invasive alien plants. This study
assessed the efficacy of various potential enemies of
Trichocereus spachianus (Riccob.) (Caryophyllales:
Cactaceae), an invasive cactus in South Africa, in
order to prioritise the most damaging candidates for
further studies, including host specificity testing. 7.
spachianus is considered indigenous in Argentina and
Bolivia, but the original description was based on a
cultivated plant, and it is either very rare or absent in
its indigenous range, with no verified records of natu-
ral populations. This necessitates the use of new asso-
ciations collected off close relatives of the target plant
as potential biocontrol agents. We evaluated eight
potential biocontrol agents by deriving host suitability
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indices (HSI) and performing efficacy trials. The HSI
analysis demonstrated that only one out of the eight
candidate agents, a cochineal insect Dactylopius con-
fertus De Lotto (Hemiptera: Dactylopiidae), had high
fitness (high survival, fecundity and complete devel-
opment) on 7. spachianus. This helped us eliminate
ineffective agents early on in the programme. The
cochineal insect was prioritised for efficacy trials,
which demonstrated its high potential efficacy, kill-
ing approximately 89% of T. spachianus plants over
60 weeks. Taken together, our results indicated that
D. confertus is a highly promising potential agent
for the biocontrol of T. spachianus in South Africa.
By prioritising candidate biocontrol agents based on
efficacy prior to host specificity testing, we ensured
that the highest priority candidate agent was identi-
fied for detailed and resource-intensive host specific-
ity testing.

Keywords Cactaceae - Dactylopidae - Dactylopius
confertus - Pre-release efficacy - Trichocereus
spachianus

Introduction

Selecting and prioritising biological control agents
is essential for the success of biological control pro-
grammes. Historically, the selection of biological
control agents has primarily focused on host speci-
ficity (McClay and Balcianus 2005), which remains
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the most important factor in ensuring that intro-
duced agents do not adversely affect non-target
species. Several other metrics have also been used
alongside host specificity testing to further pri-
oritise candidate agents, such as the availability of
the insect, potential transfer programmes, phenol-
ogy of attack, ease of mass rearing, and most nota-
bly, potential efficacy (Harris 1973; Goeden 1983;
Sheppard 2003; van Klinken and Raghu 2006;
Paynter 2024). More recently, regulatory authorities
often require detailed information on the expected
efficacy of a candidate agent to assess the risks and
benefits, ensuring justification for the release of a
biological control agent (van Klinken and Raghu
2006; TAG-BCAW Manual 2021). Efficacy refers to
the agent’s ability to significantly reduce the target
species’ population density and reproductive suc-
cess (Balciunas 2004; McClay and Balciunas 2005).
Invasive plants often have many insect species
associated with them in their native range that could
be considered as potential biocontrol agents. How-
ever, the economic costs, logistics and time required
for conducting host specificity testing on all the
candidate biological control agents can quickly
become infeasible and impractical (McFadyen
1998). Integrating pre-release efficacy assessments
(PREAs) early in the prioritisation process can help
identify agents likely to achieve desired control lev-
els (Balciunas 2004; McClay and Balcianus 2005),
as well as reducing the time and costs of develop-
ing effective biocontrol programmes by prioritis-
ing only the most suitable candidate agents for
detailed host specificity testing (Sutton et al. 2021).
By prioritising agents based on their demonstrated
or potential efficacy, PREAs along with host speci-
ficity testing helps to ensure that only those agents
with a high likelihood of efficacy and safety are
considered for release (McClay and Balciunas 2005;
van Klinken and Raghu 2006; Paynter 2024). In
addition to being cost-effective, incorporating the
PREA alongside host specificity testing may reduce
the total number of agents that need to be released,
thereby lowering the risk of unintended negative
consequences (McClay and Balciunas 2005). Com-
bining host specificity testing with PREAs offers a
more streamlined and targeted approach to biologi-
cal control by enhancing the selection and release of
safe and effective agents, increasing the likelihood
of successful control of invasive weed populations.
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Although many programmes conduct host speci-
ficity testing before PREAs, this paper used pre-
dicted efficacy as a prioritisation tool to identify the
most promising candidate biological control agents
for Trichocereus spachianus (Riccob.) (Caryophyl-
lales: Cactaceae) to ensure that only the most effec-
tive potential agent was considered for host specific-
ity testing. Recently, T. spachianus has undergone a
taxonomic change to Soehrensia spachianus (Lem.)
Schlumpb., a classification accepted by certain
authorities (Korotkova et al. 2021). Nonetheless, cac-
tus experts argue, based on morphology, that it should
remain under the Trichocereus genus (R. Kiesling,
pers. comm.) and will therefore be referred to as T.
spachianus, hereafter. T. spachianus, an invasive cac-
tus native to South America, has become a problem-
atic weed in South Africa, where it disrupts ecosys-
tems and agriculture with no effective management
strategies (Paterson et al. 2021).

While T. spachianus is believed to originate from
north-western Argentina and southern Bolivia, it
is either rare or absent in its native range, with no
verified records of indigenous populations (L. Var-
one, pers. comm.), and the species’ original descrip-
tion was based on cultivated plants and herbarium
specimens (Kiesling 1978; Albesiano Hoyos 2015).
Despite the lack of confirmed native populations,
closely-related cactus species have been successfully
controlled through biological control, indicating a
high likelihood that biocontrol will be a successful
control method against 7. spachianus (Paterson et al.
2021). While taxonomic uncertainties can complicate
agent collection and host specificity testing, biologi-
cal control of cacti has been achieved using agents
from new associations, where the agent has not co-
evolved with the target plant (Hokkanen and Pimentel
1984; Hokkanen and Sailer 1985; Klein et al. 2020).
Thus, collecting insect agents from related cactus
species within the suspected native range remains a
promising strategy for controlling this invasive cac-
tus. A biological control programme was initiated in
2018 and several potential agents, collected from spe-
cies closely related to T. spachianus, were identified
through surveys conducted in both the invaded and
native ranges (Griffith 2024).

In this study, we conduct a PREA for all the poten-
tial agents for 7. spachianus in order to select the
most promising potential agent to be subjected to host
specificity testing. These potential agents included
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one species of the galling mealybug Hypogeococcus
that is already used in South Africa for the control
of closely related target weeds, namely Hypogeococ-
cus sp., as well as several other lineages of Hypogeo-
coccus and a cochineal insect that are indigenous to
South America and have not been used as biocontrol
agents before. The absence of any indigenous popula-
tions of the target weed necessitated the collection of
these potential agents from closely related cactus spe-
cies (Paterson et al 2021).

Materials and methods

This study used insect fitness experiments and effi-
cacy trials to prioritise candidate biological control
agents for Trichocereus spachianus in South Africa.
Specifically, we sought to identify agents exhibiting
high host suitability and effectiveness in reducing the
target weed population.

Biological material collection

Several insect species, including various Hypogeo-
coccus (mealybugs) species/lineages and Dacty-
lopius confertus De Lotto (Hemiptera: Dactylopii-
dae), were collected as candidate biological control
agents for T. spachianus during field surveys in both
its invaded range (South Africa and Namibia) and
its native range in Argentina (Griffith 2024). The
first candidate agent considered was a lineage of
Hypogeococcus sp. (Hemiptera: Pseudococcidae)
that has already been released in South Africa and
proved to be a successful biological control agent
against several cactus species closely related to T
spachianus, including: Harrisia pomanensis (F.A.C.
Weber ex K. Schum.) (Caryophyllales: Cactaceae),
Harrisia martinii (Labour.) Britton (Caryophyl-
lales: Cactaceae), Harrisia balansae (K. Schum.)
N.P. Taylor and Zappi (Caryophyllales: Cactaceae)
and Cereus jamacaru De Candolle (Caryophylla-
les: Cactaceae) (Muskett et al. 2024). If found to
be a promising candidate, this agent could signifi-
cantly reduce the cost and time needed to develop
a biological control programme for this cactus, as
no further host specificity testing would be required
for release in South Africa, nor would there be costs
associated with importing the agent. The Hypogeo-
coccus spp. used in the experiments were sourced

from the Centre for Biological Control’s Mass
Rearing facility in Kariega, South Africa, where the
insect is cultured on H. martinii (Hill et al. 2021).
The lineage that has already been released in South
Africa will be referred to as Hypogeococcus sp., as
this is how it has been referred to in other recent
studies (Poveda-Martinez et al. 2020; Paterson et al.
2021; Zachariades 2021).

Since no wild populations of T. spachianus were
found in its suspected native range in Argentina (Grif-
fith 2024), candidate agents could not be collected
directly from this cactus. Instead, all candidate agents
identified during native-range surveys were collected
from cactus species closely related to T. spachianus.
Surveys for other candidate Hypogeococcus species
and lineages of Hypogeococcus sp. were conducted
in northern Argentina in 2019 at locations previously
surveyed by researchers at Fundacién para el Estu-
dio de Especies Invasivas (FUEDEI) (Griffith 2024).
Six other Hypogeococcus lineages were collected
from various locations and host plants in Argentina
(Table S2).

Hypogeococcus sp. is part of the Hypogeococ-
cus pungens species complex, and the members of
this complex show a high degree of specificity at the
host plant level (Poveda-Martinez et al. 2020). Spe-
cies delimitation analysis identified two well-sup-
ported potential species within H. pungens: one com-
prising mealybugs that feed on Amaranthaceae (H.
pungens sensu stricto), and a distinct, undescribed
species that feeds on Cactaceae (Hypogeococcus sp.)
(Poveda-Martinez et al. 2020). The authors also iden-
tified genetic heterogeneity among the Hypogeococ-
cus sp. lineages feeding on cacti in Argentina, as well
as the one introduced in South Africa for the biologi-
cal control of cactus weeds (Poveda-Martinez et al.
2020; Ezeh et al. 2023).

D. confertus was collected just outside Windhoek,
Namibia on H. pomanensis (Table S2). Although col-
lected in Namibia, D. confertus is native to South
America and was likely introduced into Namibia
accidentally, possibly through the cactus horticulture
trade. While most cochineal species primarily tar-
get Opuntia species, D. confertus has been found to
include Trichocereus species in its host range in its
native range of Argentina (Jujuy and Catamarca) (van
Dam 2013). Therefore, D. confertus may also target
T. spachianus established in South Africa. All plants
used to test the suitability and efficacy of candidate
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agents were collected from field sites in South Africa
(Table S1).

Host suitability index (HSI)

As none of the candidate agents could be directly col-
lected from T. spachianus, it was necessary to deter-
mine whether this cactus was included in their host
range before conducting efficacy trials. A Host Suita-
bility Index (HSI) was calculated for each of the eight
potential insect biocontrol agents on H. martinii, H.
pomanensis, H. balansae, C. jamacaru, and the target
plant, T. spachianus. HSI was calculated for the other
cactus species to allow a relative comparison with
insect performance on 7. spachianus.

The HSI calculation requires several develop-
mental and reproductive parameters to be estimated,
including nymphal survival (proportion of crawlers
that survive to F; generation), days to egg produc-
tion and fecundity (number of crawlers produced per
gravid female). These parameters were calculated
from laboratory-based rearing trials. Each trial con-
sisted of placing a single piece of cut cactus in a plas-
tic container (19.5 cmx27.5 cm X9 cm) with holes
(5 cm) covered with a fine mesh for ventilation to pre-
vent insects from escaping. For C. jamacaru, plastic
containers measuring 21.5 cmx33.4 cmXx16.8 cm
were used owing to their larger diameter. Gravid
females from each insect culture were collected,
dewaxed using fine forceps and placed into Petri
dishes (9 cm), which were then sealed with parafilm
to ensure no crawlers could escape. Once crawl-
ers hatched, 30 first instars (less than 24 h old) were
carefully collected using a fine paintbrush and placed
onto the cactus piece in each plastic container. The
cacti were left for three days to allow the crawlers to
settle before being checked every two days to record
the number of settled crawlers (indicated by white
waxy filaments). After 14 days, all crawlers were con-
sidered either settled or dead, and the F, survival rate
(proportion of the 30 crawlers that were added to the
cactus plant) of the crawlers was determined. Cactus
pieces were checked weekly for gravid females (iden-
tified by red egg-shaped masses in their bodies), and
they were collected and placed into separate sealed
Petri dishes. The number of crawlers produced by
each female was recorded after 30 days to estimate
relative fecundity. Five replicates were conducted for
each plant species. All insect performance trials were

@ Springer

conducted under controlled conditions at 26 °C and
with a L:D 12:12 photoperiod.

A host suitability index, adapted from Maw
(1976), was used to identify and compare test plant
species suitable for Hypogeococcus species/lineages
and D. confertus hosts. A single measure or param-
eter cannot determine host suitability of a plant, so
a combination of factors was considered to obtain a
reliable indication of host suitability through the use
of the Maw’s host suitability index (MHSI) equation:

MHSI = pupal mass X percentage pupation

developmental time M

However, the index for this research was modified
to cater to the biology of the candidate agents since
they do not undergo pupation. The proportion of the
initial 30 crawlers that settled on each cactus piece
was recorded as F, survival, while the time crawlers
took to reach maturity (when females started produc-
ing eggs) was recorded as the developmental time (in
days). Fecundity referred to the number of crawlers
produced per female. The HSI scores were interpreted
as the higher the units, the greater the host suitabil-
ity. The modified host suitability index (HSI) was
employed:

fecundity X F1 survival

HSI =
developmental time

(@)

Efficacy trials

Efficacy trials were conducted for D. confertus, as
it was identified as having the highest potential for
damage during the HSI trials. We also conducted tri-
als for Hypogeococcus sp. as a comparison, because
T. spachianus was a poor host in HSI trials, but it is
a successful agent of other cactus species in South
Africa (Muskett et al. 2024). Efficacy trials were per-
formed as whole plant potted trials under greenhouse
conditions for Hypogeococcus sp., and quarantine
conditions for the imported D. confertus. The effi-
cacy of Hypogeococcus sp. was tested on the target
weed and the four species that the agent is used to
control (H. martinii, H. balansae, H. pomanensis, C.
Jjamacaru), while D. confertus was tested on its host
plant, H. pomanensis, and the target weed, T. spachi-
anus. Individual cactus plants were placed inside a
fine-meshed white breeding cage and infested with
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either a Hypogeococcus sp. gall (approximately 2 cm
in diameter, that contained a mixture of adults and
crawlers), or 100 crawlers of D. confertus.

All treatments were run simultaneously, and plants
were monitored weekly to determine the insects’
acceptance of each cactus as a host and the success
of initial establishment. Establishment was success-
ful if the crawlers settled and produced white waxy
filaments and was unsuccessful if the crawlers did not
settle (100% mortality of the crawlers). Time to mor-
tality for each cactus was recorded in months. Mortal-
ity was recorded as the point where no living tissue
(green tissue) was observed on the cactus plant. Plant
mortality was scored as a binary variable, where
alive=1 and dead =0 for each month over 17 months.
Five replicates and a negative control (for each repli-
cate) (cactus plants not infested with either Hypogeo-
coccus sp. or D. confertus) were conducted for each
cactus species.

Statistical analysis

Data analyses were performed using Julia version
1.10.3 (Bezanson et al. 2017). All modelling was
conducted using the ‘GLM.jI’ and ‘MixedModels.
jI’ packages in R (R Core Team 2024) (Bates et al.
2023, 2024). All hypothesis testing was performed
assuming statistical significance at P <0.05. Post-hoc
comparisons were made using the ‘Effects.jlI’ package
(Alday et al. 2024).

Host suitability indices

To investigate potential differences in insect HSI
when reared on different cactus plants, a general-
ized linear model (GLM) was used. HSI score was
modelled as a function of two fixed effect variables,
namely: the insect lineage (eight lineages tested), and
the cactus plant on which they were reared (five plant
species). The model was specified assuming Gauss-
ian error distributions and an identity link function.
A multiplicative interaction term was included in the
model formula to test the hypothesis that any differ-
ences in insect HSI scores may be driven by the cac-
tus plant on which they were reared. This hypotheses
were assessed using likelihood ratio tests comparing
the log-likelihood of the multiplicative model ver-
sus a simplified model, whereby only the two fixed

effect variables were included in the model as addi-
tive terms.

Two sets of post-hoc comparisons were made to
allow us to identify high-priority candidate biologi-
cal control agents for T. spachianus in South Africa
based on HSI. Firstly, we performed within-groups
contrasts of HSI scores of the eight insect species/
lineages when reared on 7. spachianus. If any of the
eight species/lineages were found to have higher HSI
scores than the others, this would indicate higher
potential suitability as a biological control agent.
Thereafter, we performed a series of custom between-
groups contrasts, whereby the HSI scores of the most
suitable insect species/lineage identified on 7. spachi-
anus above was compared to the HSI scores of Hypo-
geococcus sp. If the HSI score of the most suitable
insect species/lineage identified on 7. spachianus was
not significantly different, or potentially higher, than
the HSI scores of the existing biological control agent
(Hypogeococcus sp.) in South Africa, this would
further indicate the potential suitability of the novel
insect species/lineage. A Wald’s test was computed
to compare the estimated marginal means of pairwise
comparisons, where necessary.

Efficacy trials

Given that the mortality experiments for Hypogeo-
coccus sp. and D. confertus were performed under
greenhouse and quarantine conditions, respectively,
we analysed these data separately. The potential of
the top-performing insect species/lineage identified
during the HSI assessments to kill 7. spachianus
plants over 60 weeks, and to compare its performance
to the existing Hypogeococcous sp. in South Africa
on its host plants, was assessed using a generalised
linear mixed model (GLMM) (Bolker et al. 2009).
Here, the survival of each plant was specified as a
Bernoulli response variable, each week for 60 weeks
(1=dead, O=alive), which was modelled as a func-
tion of time since inoculation of insects (weeks).
Insect species/lineage (D. confertus/Hypogeococcus
sp.) and plant species (C. jamacaru, H. martinii, H.
balansae, H. pomanesis, T. spachianus) were speci-
fied as categorical fixed effects. A multiplicative
interaction term was included in the model formula to
test the hypothesis that the mortality rate was variable
between plant species. The model was specified with
a logit link function. A random intercept term was

@ Springer



828

T. C. Griffith et al.

included to account for repeated measurements taken
from the same plant in different weeks (Bolker et al.
2009). Fixed effect hypothesis testing was performed
with a series of likelihood ratio tests, as above. Post-
hoc comparisons of mean mortality were performed
using pairwise contrasts amongst insect species/line-
ages and plant species at week 60 (end-point of the
experiment).

Results
Host suitability indices
There was evidence for a statistically significant mul-

tiplicative term between the insect species/lineage
treatment and the cactus species upon which they

were reared, explaining differences in HSI scores
(X2=264.29, df=28, P<0.001). This indicates that
HSI scores were significantly different between insect
species/lineages. However, the sign and magnitude
of these differences were dependent on the cactus
species upon which each species/lineage was reared
(Fig. 1). When averaged across all plant species
tested, the Hypogeococcus sp. Alemania lineage con-
sistently showed the highest HSI scores (92.2+12.6),
while Hypogeococcus sp. had the lowest (19.3+3.7)
(Fig. 1).

However, there was noticeable variation in HSI
scores across plant species for some insect lineages.
For example, Hypogeococcus sp. Catamarca lineage
performed well on C. jamacaru (70.4+20.1) and H.
balansae (202.2+28.8), but performed poorly on H.
pomanensis (35.5+10.5), and could not be reared
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Fig. 1 Box and whisker plot showing the Host suitability indi-
ces (HSI) for eight potential biological control agents when
reared on five invasive cactus species from South Africa,
including the target weed Trichocereus spachianus. Each
panel represents one of the five invasive cacti tested, namely: a
Cereus jamacaru, b Harrisia martinii, ¢ Harrisia balansae, d
Harrisia pomanensis, and e Trichocereus spachianus. Whisk-
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ers represented the minimum and maximum values, the mid-
dle line represents the median, and the box the interquartile
range. Outliers were represented by a closed circle. Post-hoc
within-plant comparisons of HSI means, following adjustment
for multiple comparisons, were indicated with different signifi-
cance letters (P <0.05)
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on T. spachianus (0.0). Similar patterns of host-plant
dependent variability in HSI scores were evident for
the Hypogeococcus sp. Alemania and Hypogeococcus
sp. Los Lapachos lineages, in particular (Fig. 1). On
the other hand, there was little evidence for host plant
dependent variability in HSI scores for Hypogeococ-
cus sp., which produced consistently low HSI scores
across all plant species tested (19.3+3.7) (Fig. 1).

The performance of the existing Hypogeococ-
cus sp. in South Africa on T. spachianus was poor
(1.2+0.9), with only two out of the five replicates
producing any F, adults. The only insect lineage
that was able to be consistently reared and produce
F, adults and viable offspring on 7. spachianus was
D. confertus (Fig. 1e). The HSI of D. confertus on
T. spachianus (142.0+15.3) was significantly higher
than the HSI for all other insect lineages tested,
which all produced HSI scores on 7. spachianus <5.0
(Fig. 1, Table S3). The HSI score of D. confer-
tus on T. spachianus was statistically significantly
higher than all four plant hosts of Hypogeococcus sp.
(Table S4).

Efficacy trials

All control plants survived until the end of the experi-
ment, so any plant mortality observed was attributed
to the presence of the insects. There was statisti-
cal support for a significant difference in mortality
rate varying between cactus species over time when
exposed to Hypogeococcus sp. (X2=26.21, df=4,
P <0.001). This result was driven by a higher mortal-
ity rate earlier in the experiment of C. jamacaru rela-
tive to H. balansae and H. martinii, and more notice-
ably, H. pomanensis and T. spachianus (Fig. 2). By
the end of the experiment, Hypogeococcus sp. caused
significantly higher mortality of C. jamacaru (99%),
H. martinii (80%), and H. balansae (64%), than
either H. pomanensis (3%) or T. spachianus (<1%)
(Fig. 2). The mortality caused by Hypogeococcus sp.
was not statistically significantly different between H.
pomanensis and T. spachianus (z=0.001, P=1.000)
(Fig. 2).

On the other hand, there was no statistical support
for a significant difference in mortality rate varying
between cactus species over time when exposed to D.
confertus (XZ:O.65, df=1, P=0.419) (Fig. 3). By
the end of the experiment, the mean expected mor-
tality of H. pomanensis was marginally higher, with

99.7% (95% CI: 82.9-99.9%), than the mortality of T.
spachianus, which was 95.4% (95% CI: 50.6-99.9%)
(Fig. 3). Although this experiment was conducted in a
different environment to the Hypogeococcus sp. effi-
cacy trial and is therefore not directly comparable, the
mortality rates of both T. spachianus and H. poman-
ensis when exposed to D. confertus are either similar
or greater than the most damaging agent-plant com-
binations of the biocontrol agent Hypogeococcus sp..

Discussion

Biological control programmes rely heavily on prior-
itising the most suitable agents to efficiently manage
invasive weeds. Host specificity testing has tradition-
ally been the sole criterion for determining the suit-
ability of novel biological control agents. However,
this method can be impractical, resource-intensive,
and time-consuming, especially when evaluating
multiple potential agents, and it does not consider the
importance of selecting biological control agents with
the potential to provide effective control over the tar-
get weed. Integrating PREAs into the agent selection
process provides an opportunity to prioritise agents
that are not only host-specific to the target weed but
also have the greatest chance of suppressing target
weed populations (McClay and Balciunas 2005).

Moreover, using PREAs (field or laboratory based)
at an early stage in the biological control programme
may increase resource efficiency by only subjecting
the highest-priority candidate agents to detailed and
resource-intensive quarantine-based host specificity
testing (Sutton et al. 2021). Our study demonstrated
using PREA to prioritise potential biological control
agents for the invasive cactus 7. spachianus in South
Africa. To do this, we initially screened candidate
agents using Host Suitability Indices (HSI), followed
by efficacy assessments of plant mortality for the
most promising agent. The modified HSI successfully
aided in the early rejection of candidate agents that
did not feed on T. spachianus. HSI values revealed
that the highly effective Hypogeococcus sp., already
released in South Africa to control closely related
invasive cacti, as well as six Hypogeococcus species/
lineages collected from the putative native range of T.
spachianus in Argentina, showed low suitability for 7.
spachianus as a host.
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Fig. 2 Marginal effects plots, derived from the fitted GLM,
indicating the probability of plant mortality over time associ-
ated with Hypogeococcus sp. when reared on five invasive
cactus species from South Africa, including the target weed
Trichocereus spachianus. Each panel represents one of the five

These species exhibited low nymphal survival,
prolonged time to maturity, and reduced fecundity on
T. spachianus, resulting in a low HSI value compared
to Hypogeococcus sp. on its targeted cactus hosts.
The low HSI value indicates that population growth
of these Hypogeococcus lineages/species on T.
spachianus would likely be slow, as high survival and
fecundity are critical for achieving significant popula-
tion densities (Augustinus et al. 2020). Based on the
low HSI score, these Hypogeococcus lineages/species
were deemed poor candidates and were rejected from
further efficacy testing. Rejecting these unsuitable
agents early in the selection process prevented wast-
ing resources on efficacy and host specificity testing
on these agents.

On the other hand, the HSI identified a potential
candidate based on its compatibility with the target

@ Springer
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invasive cacti tested, namely: a Cereus jamacaru, b Harrisia
martinii, ¢ Harrisia balansae, d Harrisia pomanensis, and e
Trichocereus spachianus. Shaded areas indicate the 95% con-
fidence interval of the mean expected probability of mortality

host plant, T. spachianus. D. confertus demonstrated
a higher HSI score on T. spachianus than on its
known host plant, H. pomanensis. Although several
performance parameters were similar between the
two cactus species, higher survival rates and more
established colonies on T. spachianus suggest that D.
confertus is better suited to this cactus. The HSI value
for T spachianus was higher than that for Hypogeo-
coccus sp. on its targeted host plants. Since Hypo-
geococcus sp. is an effective agent against its hosts
(Muskett et al. 2024), an equal or higher HSI value
for D. confertus on T. spachianus strongly indicates
its potential efficacy. Moreover, the high survival, fast
reproduction times and high fecundity indicated by
the high HSI scores for D. confertus on T. spachianus
are critical for achieving significant population den-
sities, which has been strongly correlated with high
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Fig. 3 Marginal effects plots, derived from the fitted GLM,
indicating the probability of plant mortality over time associ-
ated with Dactylopius confertus when reared on two invasive
cactus species from South Africa, including the target weed

plant mortality/biological control efficacy for Hypo-
geococcus sp. and other cochineal insects (e.g., Sut-
ton et al. 2018; Jones et al. 2023).

The HSI is an effective rapid screening tool but
does not provide a complete picture of an agent’s
potential efficacy. Therefore, integrating HSI with
efficacy trials is essential for a comprehensive assess-
ment. D. confertus was identified as the only promis-
ing agent due to its high HSI value and was therefore
selected for efficacy trials. Mortality caused by D.
confertus on T. spachianus was approximately 88%
higher than that caused by Hypogeococcus sp., which
had less than a 1% probability of causing mortality by
the end of the experiment. The mortality caused by
D. confertus on T. spachianus at the end of the exper-
iment was comparable to the highly effective Hypo-
geococcus sp. on its hosts in South Africa. Given
the high HSI value for D. confertus on T. spachianus
and the promising efficacy results, we expect that
the release of D. confertus could achieve the same
level of control over T. spachianus as Hypogeococ-
cus sp. has over its host plants. Other studies that
have performed PREAs under greenhouse conditions
have found these agents to be very effective in the
field. For example, multiple lineages of Dactylopius

Trichocereus spachianus. Each panel represents one of the
invasive cacti tested, namely: a Harrisia pomanensis, and b
Trichocereus spachianus. Shaded areas indicate the 95% con-
fidence interval of the mean expected probability of mortality

tomentosus (Lamarck) (Hemiptera: Dactylopiidae)
were assessed as potential agents for Cylindropuntia
pallida (Rose) FM. Knuth (Caryophyllales: Cacta-
ceae). PREAs identified the ‘californica var. Parkerii’
lineage as having the greatest potential for success.
After its release on large infestations of C. pallida in
Australia, long-term monitoring data suggest that the
cactus will be under complete control within 24 to
36 months (Paterson et al. 2021). This has also been
observed in non-cactus biological control efforts.
For example, greenhouse studies demonstrated that
Tetramesa romana Walker (Hymenoptera: Eurytomi-
dae) could significantly impede the growth of Arundo
donax L. (Poaceae: Arundinoideae) (Goolsby et al.
2009). The release of T. romana in the field, fol-
lowing promising PREA results, led to a significant
decrease in A. donax biomass after five years of mon-
itoring (Goolsby et al. 2016).

Focusing on efficacy for initial screening could
prove advantageous for agents that, like cactophagous
insects, are likely to be host-specific. PREAs can
be an effective early prioritisation tool in biological
control programmes, when the target weed has few
closely related species in the invaded range or, as
with T. spachianus, lacks a native-range distribution.

@ Springer



832

T. C. Griffith et al.

This approach is also particularly useful for invasive
hybrids, which often have limited or no native range
where potential agents can be sourced. In such cases,
combining HSIs and PREAs can help identify prom-
ising candidate agents early in the process. Examples
include Lantana camara L. (Lamiales: Verbenaceae)
and Nymphaea mexicana Zuccarini (Nymphaeaceae),
where hybridisation complicates native-range-based
agent selection (Williams and Madire 2008; Reid
et al. 2023). This approach prioritises assessing an
agent’s efficacy before conducting detailed host speci-
ficity testing and may be particularly valuable for
other invasive cactus species in South Africa, as well
as for weeds without native congeners in their intro-
duced range.

Our findings suggest that integrating HSI with
PREAs can enhance the selection process for biologi-
cal control agents by ensuring that candidate agents
are both host-specific and effective. The higher HSI
score and observed plant mortality indicate that D.
confertus has significant potential as a biological con-
trol agent for 7. spachianus. Therefore, it stands out
as a strong candidate for further testing and prioritisa-
tion in the control of this invasive species. By using
PREAs as a first step in this biocontrol programme,
resources were optimised by concentrating host spec-
ificity tests on the potentially effective biocontrol
agent only. The efficacy of an agent is a useful tool
for prioritisation. However, it does not eliminate the
need to ensure released agents are host-specific. The
safety of biological control relies solely on preventing
non-target effects on native or commercially impor-
tant species once an agent is released (Paynter et al.
2020). Although D. confertus is a promising agent,
its safety must be confirmed through host specificity
testing before it is considered for release.
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