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Abstract

Tuta absoluta (Meyrick), a keypest of tomato, is quickly spreadingover theworldand
biological control is considered as one of the control options.Worldwidemore than 160
species ofnatural enemies are associatedwith this pest, andan important challenge is to
quickly find an effective biocontrol agent from this pool of candidate species.
Evaluation criteria for control agents are presented, with the advantages they offer
for separatingpotentially useful natural enemies from lesspromising ones.Next, an ag-
gregate parameter for ranking agents is proposed: the pest kill rate km.We explainwhy
the predator’s intrinsic rate of increase cannot be used for comparing the control poten-
tial of predators or parasitoids, while km can be used to compare both types of natural
enemies. As an example, kill rates for males, females and both sexes combined of three
Neotropical mirid species (Campyloneuropsis infumatus (Carvalho), Engytatus varians
(Distant) and Macrolophus basicornis (Stål)) were determined, taking all life-history
data (developmental times, survival rates, totalnymphal andadult predation, sex ratios
and adult lifespan) into account. Based on the value for the intrinsic rate of increase (rm)
for T. absoluta and for the kill rate kmof the predators,we predict that all three predators
are potentially able to control the pest, because their kmvalues are all higher than the rm
of the pest. Using only km values, we conclude that E. varians is the best candidate for
control ofT. absoluta on tomato,withC. infumatus ranking second andM. basicornis last.
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Introduction

The question whether evaluation criteria can be used – and
if so, which ones – to rank the biological control potential of
natural enemies has long been discussed, but remains far
from being solved (e.g. van Lenteren, 1980, 2010; Stiling &
Cornelissen, 2005; McEvoy, 2018). That this issue is still very
relevant today can be illustrated with the case of the South
American tomato moth Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae), which was accidentally introduced from Latin
America into Spain in 2006. In just 12 years, the moth has
spread over mainland Europe, the Mediterranean region, the
African continent and a substantial part of Asia, and now oc-
curs in more than 80 countries. Based on climate modelling, it
is expected that dispersal of T. absoluta will continue and that
invasions in, for example, China and North America are likely
to happen in the near future (Biondi et al., 2018). Due to its leaf
mining habit, the pest is difficult to control with synthetic pes-
ticides, demanding frequent applications, resulting in fast de-
velopment of pesticide resistance, and negative side effects on
biodiversity, the environment and health of farmers and con-
sumers. Biocontrol might offer an alternative, but which nat-
ural enemy to use? More than 160 species of predators and
parasitoids, as well as a number of pathogens have been listed
in association with T. absoluta (Biondi et al., 2018; Ferracini
et al., 2019). This large number is promising, but creates also
a serious problem: how to select an effective and safe biocon-
trol agent from this large list of species?

Many suggestions about biocontrol agent selection have
been published, ranging from quick fits like the collection
and release of any natural enemy that might attack the pest
(the ‘hit or miss approach’; DeBach, 1964), to rather time-
consuming research programmes which include behavioural
and ecological studies, as well as environmental risk assess-
ments (van Lenteren, 1980; van Lenteren & Woets, 1988; van
Driesche & Bellows 1996; Stiling & Cornelissen, 2005; van
Lenteren et al., 2006; Heimpel & Mills, 2017; McEvoy, 2018).
Often it takes about 10 years to find, evaluate, select and even-
tually market a natural enemy, which is similar to the time
needed to find a new synthetic pesticide. Research in biocon-
trol is usually financed by public funding, and often depend-
ent on short term aid. Thus, simple evaluation procedures for
selection of natural enemies prior to field releases would be
much appreciated, but developing simple procedures is not
an easy task. Still, there are a number of issues related to bio-
control agent quality that can be used in an evaluation process
and these are listed in table 1. Most issues (1–10) concern bio-
logical characteristics of the candidate species; others are
based on experience in other biocontrol projects (11), concern
economics of biocontrol (12–14) or relate to problems of ob-
taining specimens of exotic natural enemies (15). The issues
are not listed in order of priority for evaluation and depend
on the type of biocontrol programme. Evaluation of natural
enemies to be used in augmentative biocontrol starts with is-
sues 5 (not causing side effects), 12, 14 and 15 (costs of mass
rearing, market potential, complexity of regulations). In a clas-
sical biocontrol project, one will start with issue 15, next 11
(similar species effective in similar crop elsewhere), then fol-
lowed by issues 1–9, while little attention is paid to issues 10
(ability to survive on alternative food), 12 and 14.

Generally, literature information about the potential bio-
control agent, or a related species, and some simple experi-
ments will suffice to form an opinion about issues 1–5. Work
on issues 6–10 is more time consuming. Particularly rather

complicated environmental risk assessments are nowadays
crucial elements of the evaluation process, as many govern-
ments demand information about possible risks caused by
the introduction of exotic species (Bale, 2011). Issues 12 and
14, mass-production costs and market potential, are only rele-
vant for augmentative biocontrol, which often is a commercial
activity. Issue 15, registration procedures and complexity of
Access and Benefit Sharing procedures of the Nagoya
Protocol related to use of exotic genetic resources are new pro-
blems for biocontrol. The Nagoya Protocol came into force in
October 2014 and has brought about an almost complete stop
to foreign natural enemy exploration programmes (Cock et al.,
2016).

The main aim of using the list of evaluation issues is not per
sé to find the best natural enemy, but primarily to quickly ex-
clude those natural enemies that might (1) not be effective at
all, (2) cause unacceptable negative effects, (3) are too expen-
sive to mass produce or have little market potential and (4)
will have to undergo unworkable Access and Benefit
Sharing procedures. It is not an exception to find tens or
even more than hundred species of natural enemies attacking
a pest. Use of the evaluation criteria mentioned in table 1 helps
to reduce this large number of candidates to only a few, and
results in spending the limited amount of research money on
those species that might eventually be applied for control of
the target pest.

Earlier work by our group has shown that by using data
about issues 1–6 and 8, two species of natural enemies we
found in the field and that attack T. absoluta in the laboratory
on tobacco plants, could be removed from the list of candi-
dates for T. absoluta control on tomato: Geocoris punctipes
(Say) (Hemiptera: Geocoridae) and Orius insidiosus (Say)
(Hemiptera: Anthocoridae) (see discussion and Bueno et al.,
2013). On the other hand, evaluation of three Neotropical mir-
ids (Campyloneuropsis infumatus (Carvalho), Engytatus varians

Table 1. Issues related to pre-introduction evaluation of natural
enemies.

Issues related to biology of natural enemy
1. Seasonal synchronisation with pest (for parasitoids and
predators)

2. Developmental synchronisation with pest (mainly for
parasitoids)

3. Climatic adaptation to area where used
4. Capability to search for pest on target crop and establish a
population

5. Few or no negative side effects on crop, environment and other
organisms

6. Preference for pest species
7. High pest kill ability
8. Good pest finding capacity
9. Effective responsiveness to changes in pest density
10. Ability to survive on alternative food in the absence of pest
Issues related to experience with natural enemy in other
biocontrol project

11. Same or similar species effective in same or similar crop and
climate elsewhere

Issues related to production, marketing and registration of
natural enemy

12. Cost-effective mass production, shipment and release
13. Robust and reliable performance under practical production
conditions

14. Market potential
15. Complexity of importation and/or registration procedures
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(Distant) and Macrolophus basicornis (Stål) (Hemiptera:
Miridae)) showed that they are seasonally and developmental-
ly synchronized with the pest, are well able to function at the
climatic conditions under which tomatoes are produced
(Bueno et al., 2018a, b), are capable to establish a population
on tomato, are not caught in the glandular tomato trichomes
(Bueno et al., 2013), kill T. absoluta eggs and larvae (van
Lenteren et al., 2016, 2017, 2018a), and cause little injury to to-
mato plants and fruit as a result of phytophagy (Silva et al.,
2017). Specific information concerning issues 8 and 9 have
not yet been collected for the three Neotropical mirids, though
we know that they react to and are attracted by volatiles pro-
duced by tomato plants after attack by the pest (Silva et al.,
2018). Cheap mass production methods (issue 12) for mirids
have already been developed by commercial natural enemy
producers but these methods are, understandably, not public-
ly available. However, laboratory populations can easily be
reared on the factitious host Ephestia kuehniella (Zeller)
(Lepidoptera: Pyralidae) (Bueno et al., 2018a, b). If, in the
near future, experiments on a commercial production green-
house scale show effective control of tomato pests by one or
more of these mirids, they certainly have a largemarket poten-
tial, particularly due to the fact that they seem to cause much
less injury to plants and fruit (Silva et al., 2017), than the
Paleotropical mirids currently used in Europe (Castañé et al.,
2011). However, an important future problem for use of
these mirids might be to obtain permission to export them to
other areas (issue 15).

In this paper, we will consider the importance of issue 7,
the capacity of the natural enemy to kill sufficient pest indivi-
duals per unit of time. The best available single description of
the population growth potential of a species under given con-
ditions is still the intrinsic rate of natural increase (rm)
(Southwood, 1966). For solitary parasitoids, this parameter
can also be used to compare their capacity to kill hosts, be-
cause in solitary parasitoids each egg laid means that a host
is killed (van Lenteren, 2010). The parameter rm has recently
been used for comparison of several predators of T. absoluta
as well (e.g. Mollá et al., 2014). But the intrinsic rate of natural
increase only provides information how quickly a predator
population can grow, and does not provide an estimate on
how many prey items it can kill. Earlier, Janssen & Sabelis
(1992) tried to find a way to compare the intrinsic rate of nat-
ural increase and predation capacity of phytoseiid predatory
mites. They concluded that the predation rate would be an im-
portant characteristic for obtaining an estimate of their biocon-
trol capability. However, they did not investigate the matter
any further. Actually, for parasitoids the rm also has its limita-
tions to estimate the host kill rate, as parasitoids may kill hosts
by non-reproductive effects like host feeding and stinging
hosts with their ovipositor (Abram et al., 2019). Therefore a
new parameter was proposed by Tommasini et al. (2004) and
van Lenteren (2010) to be able to compare the pest kill capacity
of predators and parasitoids: the pest kill rate (km). To deter-
mine the pest kill rate for parasitoids, the number of hosts
killed by non-reproductive effects is added to the number of
eggs laid by the parasitoid. We will compare kill rates of pre-
dators and parasitoids of T. absoluta in a future paper.

Forpredators, km is the age-specific predation capability per
unit of time, based on the development and survival of eggs
and nymphs, the sex ratio and total predation by all immature
stages and the adults. For a predator to be efficient in classical
biocontrol, its pest kill rate (km) theoretically needs to be of the
samemagnitude as, or higher than the population growth rate

(rm) of the pest (Tommasini et al., 2004). However, in augmen-
tative biocontrol, this is not a strict prerequisite as a pest kill
rate lower than the population growth rate of the pest can be
compensated by regular releases of large numbers of preda-
tors. Still, a high kill rate is appreciated as it will reduce the
costs of the biocontrol programme, because fewer releases or
fewer natural enemies per release are needed. Tommasini
et al. (2004) used the pest kill rate parameter to compare the
predation capacity of four Orius species preying on adult
thrips (Frankliniella occidentalis (Pergande) (Thysanoptera:
Thripidae)), and found that O. laevigatus (Fieber) showed the
highest pest kill rate. Although O. laevigatus has been used
since the mid-1990s, it is since Tommasini’s research the
most used species for biocontrol of thrips pests in Europe,
and replaced use of the exotic O. insidiosus (van Lenteren
et al., 2018b). After the Tommasini et al. (2004) publication,
the pest kill rate has, to our knowledge, not been used in
predator comparisons, which might be explained by the
large amount of work needed to collect lifetime predation
data. Recently, we have measured the lifetime predation of
the three species of Neotropical mirids that prey on T. absoluta
(van Lenteren et al., 2017, 2018a). These data allow us to calcu-
late the aggregate parameter pest kill rate for comparison of
the predation capacity of these mirids.

In this paper, we first present summarized life-table data of
the pest T. absoluta and the three mirid species. Next, popula-
tion growth rates of the pest and the mirids, as well as the pest
kill rates of the mirids are calculated. Finally, wewill hypothe-
size about the pest reduction capacity of these predators and
the value of the pest kill rate parameter.

Material and methods

Data collection for life tables and lifetime predation capacities of
three mirid species

Collection and rearing of T. absoluta and the three species of
mirid predators is described in van Lenteren et al. (2018a).
Details about the life-table experiments and results for T. abso-
luta can be found in Silva et al. (2015). Data about developmen-
tal time and egg survival of the three mirids have been
published by Bueno et al. (2018b). The experimental proce-
dures and the results of T. absoluta egg predation by all nymph-
al stages of the three mirids can be found in van Lenteren et al.
(2017) and for predation by the adults in van Lenteren et al.
(2018a); the same two papers also provide data on develop-
ment and survival of nymphs and adults, sex ratio and adult
lifespan. Experiments with T. absoluta were performed in cli-
mate rooms at 25 ± 2°C, 70 ± 10% RH and 12 h photophase,
and with the three mirid predators at 24 ± 1°C, with the
same RH and photophase.

Data analysis

Intrinsic rate of natural increase rm and the intrinsic pest kill rate km
according to Birch approach

Life-table parameters of T. absoluta were studied following
the methodology explained by Birch (1948). x = pivotal age in
days (including immature stages), lx = age-specific survival
(including immature mortality), mx = age-specific fertility
(the number of females produced per female alive at age x)
were determined in order to calculate the gross reproductive
rate GRR (GRR =∑xmx), the net reproductive rate
R0 (R0 =∑xlxmx), and the intrinsic rate of natural increase rm
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(rm = lnR0/T), where T is the generation time (T =∑xlxmxx/
R0), and the finite rate of increase λ (l = erm ).

The pest kill rate (km) of the three mirid species when fed
with T. absoluta eggs ad libitum was calculated using the
same formula of rm, but the age-specific fertility (mx) was sub-
stituted with the age-specific predation (kx) both during the
nymphal and the adult stages. Thus km = lnK0/Tk, where: Tk

(predation time) is the mean period during a generation
where the predator actually prey and is estimated by calculat-
ing the mean predator ages for each age xweighted by the net
number of prey consumed at that age (Tk =∑xlxkxx/∑xlxkx). Tk

can be considered as the time required for a population to pre-
date at a rate ofK0.K0 is the net consumption rate (K0 =∑xlxkx),
i.e. the number of preys killed during a generation of the
predator, corrected by natural mortality.

Intrinsic rate of natural increase rm and the intrinsic pest kill rate km
according to Lotka–Euler approach

As we did collect daily fertility data of cohorts for T. abso-
luta, as well as daily predation data for the three mirid species,
we could use a more accurate method to calculate the intrinsic
rates of increase and pest kill rate values with the Euler–Lotka
equation (Lotka, 1907; Lotka & Sharpe, 1911):
S[e−(rm x)lxmx] = 1 and S[e−(km x)lxkx] = 1. The values for rm
and km are obtained by iteration, i.e. by updating rm and km
values until the formula gives the required value of 1. The
Jackknife re-sampling technique was used to calculate the
mean and standard error associated with population para-
meters for T. absoluta (Maia et al., 2000).

Results

Intrinsic rate of natural increase rm of T. absoluta

Data on development and survival of eggs, larvae and
pupae, and life span, egg production and sex ratio of adults
of T. absoluta are summarized in table 2. Detailed tables with
adult life-history data used for calculation of the intrinsic
rate of natural increase of T. absoluta can be found in the
Supplementary Electronic Material.

The intrinsic rates of natural increase rm of T. absoluta esti-
mated with the Birch approach and the Lotka–Euler approach
are similar and this also holds for the other life-table para-
meters (table 3).

Pest kill rate km of the three mirid predators

Data collected during a series of experiments (see publica-
tions mentioned in Section ‘Data collection for life tables and
lifetime predation capacities of three mirid species’, also for
the statistical tests we used) are summarized in table 4.
Development times and percentages survival of eggs were
similar for the mirid species. Development times of mirid
nymphs did not differ significantly between the sexes, and
were similar across species. Total nymphal development
time was significantly longer for M. basicornis (table 4) than
for the other two species. Nymphal survival was about 93%
for all three species. As nymphal mortality could not be attrib-
uted to sex, it is not included in the calculation of the kill rate of
the separate sexes in table 5, and will have resulted in a slight
overestimate of the kill rate. We can illustrate the magnitude of
overestimationbycalculationofkill rates forbothsexescombined

with nymphal mortality included: they are a bit lower than the
rates without nymphal mortality included (table 5).

Predation rates by each nymphal stage for male and female
nymphs within a species were similar in most cases. The total
number of eggs eaten during the nymphal stages was signifi-
cantly higher for E. varians than for the other two mirids.
Detailed tables with nymphal life-history data used for calcu-
lation of the pest kill rate can be found in the Supplementary
Electronic Material.

Sex ratios of E. varians andM. basicornis did not significant-
ly deviate from a 1:1 ratio (binomial test, P > 0.1). However, the
sex ratio of C. infumatus was strongly female biased and dif-
fered significantly from a 1:1 ratio (binomial test, P < 0.0001).

The daily and total number of eggs eaten by the two sexes
of adults of the three mirid species is shown in table 4. Males
eat significantly fewer T. absoluta eggs per day than females.
The number of consumed eggs per day of E. varians is signifi-
cantly higher than that of C. infumatus and M. basicornis, but
does not differ between C. infumatus and M. basicornis. For
more information about daily egg predation over time and
survival curves of adults, as well detailed statistical test re-
sults, we refer to van Lenteren et al. (2018a); detailed tables
with life-history data used for calculation of the pest kill rate
can be found in File 2 of the Supplementary Electronic
Material.

The pest kill rate km of the three mirid predators estimated
with the Birch or Lotka–Euler approach show large differ-
ences; km values are in all cases much higher when estimated
with the more precise Lotka–Euler approach (table 5). As ex-
pected from predation data presented in table 2, km values
for males are always lower than values for females.

The changes in daily predation rates over the total develop-
ment period ofmales and females of the three species are given
in fig. 1. The graphs illustrate a consistent increase in predation
startingwith the first nymphal instar around day 11, culminat-
ing in a predation peak during the 5th nymphal instar around
day 25. During the phase of moulting from 5th instar to adult,
predation rates are zero and then pick up again, but are always
lower for males than for females.

Discussion

A lot of new information about natural enemies associated
with T. absoluta has become available since the pest started its
worldwide invasive journey in 2006 (e.g. Biondi et al., 2018).
Until now the best control results have been obtained by

Table 2. Development of eggs, larvae and pupae (days ± SE), sur-
vival of eggs, larvae and pupae (% ± SE), sex ratio, longevity of
males and females (days ± SE) and average number of eggs laid
per female (±SE) of Tuta absoluta at 25 ± 2°C, RH 70 ± 10% and
12 h photophase.

Egg development (days ± SE) 3.6 ± 0.08 N = 100
% Egg survival 98.0 N = 100
Larval development (days ± SE) 8.9 ± 0.09 N = 130
% Larval survival 98.0 N = 100
Pupal development males (days ± SE) 7.1 ± 0.26 N = 10
Pupal development females (days ± SE) 6.6 ± 0.20 N = 10
% Pupal survival 100 N = 50
Sex ratio (female:male) 0.4:0.6 N = 50
Longevity females (days ± SE) 15.5 ± 0.60 N = 15
Longevity males (days ± SE) 16.5 ± 0.77 N = 15
Total eggs/female (number ± SE) 172.7 ± 17.29 N = 15
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generalist mirid predators (Urbaneja et al., 2012), but applica-
tion of the most frequently used species, Nesidiocorus tenuis
(Reuter) (Hemiptera: Miridae), does regularly result in plant
and fruit damage (Castañé et al., 2011), so finding a better nat-
ural enemy is a priority. In order to efficiently evaluate the bio-
control potential of the many natural enemies of T. absoluta,
ranking of species based on selection criteria and a common
aggregate parameter would be helpful. Currently, papers, in-
cluding some of our own, often conclude that a certain preda-
tor might be a good candidate after studying one or a few
characteristics. Evaluation of natural enemies is now often
done with qualitative criteria (Stiling & Cornelissen, 2005),
which might give some information of the potential value of
a natural enemy, but it is difficult to weigh the influence of
each criterion for an overall conclusion. Still, assessments for
some of the criteria might lead to early exclusion of a natural
enemy (e.g. 4, 5, 12, 14, 15 in table 1). For example,O. insidiosus
is not capable to search on tomato, because it is caught by the
sticky, glandular trichomes within seconds after its release
(criterion 4; Bueno et al., 2013). Another example is
Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae),
which cannot establish a population on tomato when only T.
absoluta is present as a pest (criterion 4; Mollá et al., 2014).

To obtain estimates for the pest kill rate (criterion 7), the
functional response of a natural enemy is generally deter-
mined. Functional response data for the three Neotropical
mirid predators (van Lenteren et al., 2016) made us conclude
that M. basicornis might be the best candidate for the control
of the South American tomato moth in Brazil, because it has
the largest maximum predation capacity and reacts in a
density-dependent way to the widest range of T. absoluta
prey eggs offered (table 6). However, functional response
data tend to overestimate predation capacity, as they are usu-
ally measured after a period of starvation and during a 24 h
period only.We can illustrate this with the functional response
data obtained at the highest prey density presented in van
Lenteren et al. (2016) and the data on adult lifetime predation.

In the functional response experiment, female mirids of 2–7
days old were used, so we calculated the daily predation cap-
acity during this 2–7 day period for females used in the life-
time predation experiment. Although the average numbers
of eggs eaten by the three species are slightly higher during
the 2–7 day period (column 2) than during the whole adult
predation period (column 1), daily predation is considerably
lower for E. varians andM. basicornis than during the function-
al response experiment (column 3). Data in column 1 and 2 of
table 7 indicate that not M. basicornis, but E. varians might be
the best predator of T. absoluta, as it preys manymore eggs per
day than the other twomirids. We conclude that functional re-
sponse data are of limited value for evaluation and ranking of
natural enemies.

Information about all evaluation issues for two
Paleotropical and three Neotropical mirid species is summar-
ized in table 7. The table shows thatM. pygmaeus is the poorest
candidate for T. absoluta control. Nesidiocorus tenuis has fre-
quently shown to be able to reduce T. absoluta numbers well
below economic threshold densities (Pérez-Hedo &
Urbaneja, 2016), but has the negative characteristic of causing
serious plant and fruit damage (criterion 5) when animal prey
is insufficiently available (Castañé et al., 2011), and is therefore
classified to partial fit with evaluation criterion 13 (robust and
reliable performance). The three Neotropical mirids score
similar for all criteria, and when considering quantitative
data for criteria 5 and 7, seem more promising than the
European mirids, also because the Neotropical mirids hardly
injure tomato plants and fruit (Silva et al., 2017), and kill more
prey per day. Criterion 15 (easy importation/registration pro-
cedures when exported) are equally complex for all five spe-
cies. Evaluation of environmental risk caused by these
polyphagous predators will demand time-consuming experi-
ments (Bale, 2011). When the predators are aimed for use in
new countries that have signed the Nagoya Protocol, compli-
cated Access and Benefit regulations will need to be followed
before export (Mason et al., 2018). Nevertheless, data from

Table 3. Life-table parameters (mean ± SE) related to intrinsic rate of natural increase (rm) for the pest Tuta absoluta.

R0 T rm = lnR0/T rm Lotka–Euler TD λ

83.07 ± 8.28 23.80 ± 0.35 0.1859 ± 0.0038 0.1908 ± 0.0039 3.63 ± 0.07 1.2103 ± 0.0047

R0 = net reproductive ratio; T =mean generation time; rm = intrinsic rate of increase; TD doubling time, i.e. the time required for the popu-
lation to double in number, and λ = the finite rate of increase.

Table 4. Development in days (±SE), % survival (±SE), sex ratios, life span (±SE) and egg predation (±SE) data for the predators
Campyloneuropsis infumatus, Engytatus varians and Macrolophus basicornis at 24 ± 1°C, RH 70 ± 10% and 12 h photophase.

C. infumatus N(Ci) E. varians N(Ev) M. basicornis N(Mb)

Egg development 9.9 ± 0.42 250 10.0 ± 0.40 138 10.7 ± 0.21 332
% Egg survival 95.7 ± 1.07 250 92.3 ± 1.73 138 94.3 ± 1.02 332
Nymphal development 16.9 ± 0.12 44 16.6 ± 0.14 42 17.9 ± 0.09 40
% Nymphal survival 93.6 44 93.3 42 93.0 40
Sex ratio (#fem:male) 41:3 44 21:21 42 17:23 40
Total number of eggs eaten by nymphs 315.1 ± 4.42 44 392.8 ± 6.19 42 330.7 ± 5.26 40
Total number of eggs eaten by adult males 336.9 ± 41.52 20 313.4 ± 39.93 20 339.2 ± 38.89 20
Total number of eggs eaten by adult females 844.6 ± 77.31 20 668.2 ± 72.98 20 934.3 ± 127.40 20
Daily number of eggs eaten by males 13.3 ± 0.60 20 17.3 ± 0.72 20 11.2 ± 0.39 20
Daily number of eggs eaten by females 38.9 ± 2.25 20 49.0 ± 2.30 20 35.4 ± 1.69 20
Longevity males 26.6 ± 2.72 20 17.0 ± 2.01 20 29.8 ± 3.11 20
Longevity females 23.6 ± 2.87 20 14.0 ± 1.50 20 25.6 ± 3.23 20
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table 7 do not allow us to make a ranking of natural enemy po-
tential, with the exception ofM. pygmaeuswhich is performing
poorest for several evaluation criteria and would, thus, take
the lowest position in a ranking.

For ranking of mirid predators, also the aggregate param-
eter intrinsic rate of natural increase (rm) has been used (e.g.
Mollá et al., 2014; Silva et al., 2016). In table 8, we summarized
data for life-table parameters of T. absoluta andmirid predators
when developing on tomato with T. absoluta as prey.
Krechemer & Foerster (2017) determined the life table of T. ab-
soluta on six commercial tomato cultivars at 20 ± 2°C, 70 ± 10%
RH and 12 h photophase, among which the same cultivar we
used, cv Santa Clara. The rm value varied from 0.09 for cv
Santa Clara to 0.11 for cv Cherry. They found lower rm values
than Silva et al. (2016) and we did, which may for a large part
be explained by the lower temperatures at which they exe-
cuted their experiment. Martins et al. (2016) measured life-
table data for T. absoluta on tomato cv Santa Clara at a range
of temperatures and we estimated rm and R0 values from
their Figure 5 at 26°C, 70 ± 5% RH and a 12 h photoperiod
(table 8). The rm values found by Martins et al. (2016) are
lower than those published by Silva et al. (2016) and the ones
we found (this paper). We did not find other papers with rm
values for T. absoluta on tomato. Data on intrinsic rates of nat-
ural increase for mirid predators were published by Silva et al.
(2016) for C. infumatus, E. varians and M. basicornis, and by
Mollá et al. (2014) forM. pygmaeus andN. tenuis. The rm values
presented in both papers are all considerably lower than those
found for T. absoluta by Silva et al. (2016) and us. Mollá et al.
(2014) conclude that based on the very low rm value found
for M. pygmaeus (0.005), its role in controlling T. absoluta in
the absence of other food sources is possibly limited, and
that N. tenuiswith a much higher rm value (0.089) has a better
potential as biocontrol agent of this pest. Silva et al. (2016)

found rm values of circa 0.11 for the three Neotropical mirids,
which are higher than the rm values for theM. pygmaeus andN.
tenuis and, thus, they concluded that these Brazilian species
might be interesting candidates for control of T. absoluta.
Although the conclusions drawn by Mollá et al. (2014) and
Silva et al. (2016)might seem logical, the rm values of predators

Table 5. Predation parameters related to the pest kill rate (km) of
the predators Campyloneuropsis infumatus, Engytatus varians and
Macrolophus basicornis.

Species/sex K0 Tk

km
lnK0/Tk

km Lotka–
Euler

C. infumatus
Males 636.22 33.96 0.1901 0.2810
Females 1113.88 35.37 0.1983 0.2826
Both sexes 875.02 35.38 0.1915 0.2817
Both sexes, with
nymphal mortality
included

0.2793

E. varians
Males 664.79 30.20 0.2152 0.2956
Females 980.15 31.43 0.2191 0.2969
Both sexes 820.95 31.34 0.2141 0.2956
Both sexes, with
nymphal mortality
included

0.2935

M. basicornis
Males 652.69 36.51 0.1775 0.2714
Females 1255.62 40.25 0.1773 0.2733
Both sexes 954.49 38.96 0.1761 0.2723
Both sexes, with
nymphal mortality
included

0.2695

K0 = net consumption rate; Tk =mean predation time; km = pest kill
rate.

Fig. 1. Daily predation rates for males and females of
Campyloneuropsis infumatus (A), Engytatus varians (B) and
Macrolophus basicornis (C).
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do not give any information about their predation capacity.
Thus, we cannot conclude that C. infumatus (rm = 0.1192) is po-
tentially a better predator than E. varians (rm = 0.1078) and M.
basicornis (rm = 0.1107). This is why wementioned in the intro-
duction of this paper that rm values for predators are not a suit-
able aggregate parameter for comparison of their biocontrol
potential. Instead, we recommend using the pest kill rate for
comparison of predators, also because this parameter can be
used to compare the pest control capacity of parasitoids with
that of predators. Further, this aggregate parameter appeared
be a good predictor for selecting the best Orius species for
thrips control (Tommasini et al., 2004).

Pest kill rates for the three Neotropical mirids were calcu-
lated with the approximating method earlier used by

Tommasini et al. (2004) and with the more accurate Lotka–
Euler equation (table 5). First of all, it is obvious that the kill
rate values obtained with the Lotka–Euler equation are
much higher than values obtained with the approximating
method. This can be explained by the approximation of Tk.
In the calculation of rm only adults are accounted for, while
for the calculation of km both nymphs and adults are taken
into account. Since the value of km is determined to a great ex-
tent by the rate of predation during the nymphal ages and not
only during the adult stage, the use of the approximation of Tk

which is a weighted average over all the ages where predation
occurs can produce an underestimate of km (see Birch (1948)
for details). In the past, without having powerful computers,
it was very laborious to estimate rm and km values with the

Table 6. Average number of eggs eaten per day (all with ± SE) of females of Campyloneuropsis infumatus, Engytatus varians andMacrolophus
basicornis.

Species
Eggs/day current paper,

whole period
Eggs/day current paper during
test period of func resp exp. Eggs/day func resp exp.

C. infumatus 38.9 (±2.25; n = 472) 45.11 (±1.64; n = 120) 51.0 (±4.50; n = 25)
E. varians 49.0 (±2.30; n = 280) 57.01 (±2.05; n = 120) 91.1 (±6.07; n = 25)
M. basicornis 35.4 (±1.69; n = 515) 38.75 (±1.44; n = 120) 100.8 (±3.25; n = 25)

Table 7. Pre-introduction evaluation of themiridsMacrolophus pygmaeus (M. pyg),Nesidiocorus tenuis (N. ten),Campyloneuropsis infumatus (C.
inf), Engytatus varians (E. var) and Macrolophus basicornis (M. bas) for control of Tuta absoluta.

Criterion ↓ Mirid species ? M. pyg N. ten C. inf E. var M. bas

1. Seasonal synchronization +1 + + + +
2. Developmental synchronization − − − − −
3. Climatic adaptation + + + + +
4. Capability to search on target crop and establish population − + + + +
5. Few or no negative side effects + − + + +
6. Preference for pest species − + + + +
7. High pest kill ability − + + + +
8. Good pest finding capacity ? + + + +
9. Effective responsiveness to changes in pest density ? ? ? ? ?
10. Ability to survive on alternative food + + + + +
11. Same/similar species effective in same/similar crop ? ? ? ? ?
12. Cost-effective mass production, shipment and release + + + + +
13. Robust and reliable performance in crop production conditions − ± ? ? ?
14. Market potential − + + + +
15. Easy importation/registration procedures when exported − − − − −
1+ = fits evaluation criterion, ± = partially fits evaluation criterion, − = does not fit evaluation criterion, ? = published information is insuf-
ficient to draw a conclusion.

Table 8. Literature data for life-table parameters of Tuta absoluta and the mirid predators Campyloneuropsis infumatus, Engytatus varians,
Macrolophus basicornis, Macrolophus pygmaeus and Nesidiocorus tenuis.

Species Tomato CV R0 T rm TD λ Temp °C Approach Reference

T. absoluta Bravo 68.30 26.30 0.16 4.30 1.17 25 Birch + Jackknife Silva et al. (2015)
T. absoluta St Clara 39.62 40.25 0.09 1.09 20 Chi (2009) two-sex life table Krechemer & Foerster (2017)
T. absoluta St Clara *24 *0.10 26 Birch Martins et al. (2016)
T. absoluta Bravo 83.08 23.79 0.1907 3.64 1.21 25 Lotka–Euler current paper
C. infumatus St Clara 64.97 34.99 0.1192 4.31 1.13 24 Birch + Jackknife Silva et al., 2016
E. varians St Clara 59.53 37.89 0.1078 4.73 1.11 24 Birch + Jackknife Silva et al. (2016)
M. basicornis St Clara 86.67 40.29 0.1107 4.59 1.12 24 Birch + Jackknife Silva et al. (2016)
M. pygmaeus Bodar 1.32 54.69 0.005 137.6 25 Birch + Jackknife Mollá et al. (2014)
N. tenuis Bodar 15.28 30.57 0.089 7.81 25 Birch + Jackknife Mollá et al. (2014)

R0 = net reproductive rate; T =mean generation time; rm = intrinsic rate of increase; TD time required for the population to double in number
and λ = the finite rate of increase.
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Lotka–Euler equation, but nowadays it is easy and, therefore,
we propose to use this more accurate equation in the future.
Secondly, all pest kill rates obtained by the Lotka–Euler equa-
tion (0.2714–0.2969) are considerably higher than the rm value
for T. absoluta (0.1907), suggesting that all three Neotropical
mirids, on the premise that they efficiently find prey, can kill
more pest eggs per unit of time than the pest can produce.
Thirdly, the kill rate of females of the three species is higher
than that of males and that of both sexes, which is not surpris-
ing when looking at longevity and egg predation data (table 4,
fig. 1). Fourthly, the ranking obtained by rm values (C. infuma-
tus best, nextM. basicornis, last E. varians) is completely differ-
ent from the ranking obtained by km values (E. varians best, C.
infumatus second andM. basicornis last). The fact that E. varians
ranks first when using km values is caused by its shorter gen-
eration time and higher daily predation (table 4). Thus, based
on using only km values, we would conclude that E. varians
might be the best candidate for control of T. absoluta on tomato
in Brazil and this is contrary to what we concluded in our earl-
ier papers on rates of population growth and functional re-
sponses (Silva et al., 2016; van Lenteren et al., 2016). In order
to test whether E. varians is really the best predator for control
of T. absoluta, greenhouse experiments need to be carried out
under practical tomato production conditions, which we have
not yet been able to perform.

In conclusion, for future selection of arthropod natural en-
emies, we propose to use the criteria listed in table 1 to quickly
eliminate clearly unsuitable species. Next, for ranking of pest
kill ability of arthropod natural enemies, we recommend to
use the pest kill rate km and no longer the intrinsic rate of nat-
ural increase rm, because (1) rm values have no predictive value
for the pest kill capacity of predators, (2) rm values have lim-
ited predictive value for the pest kill capacity of parasitoids, as
parasitoids may kill a considerable number of hosts by non-
reproductive effects, and (3) use of km makes it possible to
compare the pest kill potential of parasitoids and predators.
A disadvantage of determining the pest kill rate is the amount
of time and plant, pest and natural enemy material needed.
However, the advantages are not limited to the three points
mentioned above, because determination of the pest kill rate
also provides data about developmental times, mortalities of
various developmental stages, sex ratios and peak predation
periods. This information is essential for developingmass pro-
duction methods and natural enemy release strategies.

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/S0007485319000130
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