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Generalist red velvet mite predator
(Balaustium leanderi) performs better on
a mixed diet
Karen Muñoz-Cárdenas, Luz Stella Fuentes, R. Fernando Cantor, C. Daniel Rodríguez,
Arne Janssen & Maurice W. Sabelis
Generalist predators have the potential advantage to control more than one pest
and to be more persistent than specialist predators because they can survive on
different foods. Moreover, their population growth rate may be elevated when
offered a mixture of prey species. We studied a generalist predatory mite
Balaustium leanderi that shows promise for biological control of thrips and whiteflies in protected rose cultures in Colombia. Although starting its life in the soil, this
predator makes excursions onto plants where it feeds on various arthropods. We
quantified life history parameters of the predator, offering high densities of three
pest species: first-instar larvae of Frankliniella occidentalis, eggs of Trialeurodes
vaporariorum and Tetranychus urticae, either alone or in combination. The predators completed their life cycle on each diet. The egg-to-egg period was c. 2
months. All eggs were laid in one batch in 1-2 days, indicating a pronounced
semelparous reproduction pattern. In general, females reproduced earlier and laid
more eggs on mixed diets, and these early reproducers consequently had higher
population growth rates than late reproducers. The best diet in terms of egg-toegg period and juvenile survival was the combination of eggs from whiteflies and
spider mites. Spider mite eggs alone and western flower thrips larvae alone were
the worst diets. It remains to be investigated whether mixed diets promote the
population growth rate of Balaustium leanderi sufficiently for biocontrol of whiteflies
and thrips in the presence of alternative prey, such as spider mites, to become
effective.
Experimental and Applied Acarology (2014) 62: 19-32
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Introduction
Whether to use generalist or specialist predators for biological control of crop pests is
an important and hotly debated topic (Symondson et al. 2002). Most attention has
been paid to specialist biocontrol agents, because their dynamics are tightly linked to
that of the prey and because of the lower risk of side effects on populations of nontarget organisms (Murdoch et al. 1984, 1985; Hassell & May 1986; Murdoch 1994).
However, generalist predators are increasingly used for biocontrol (Chiverton 1986;
Rosenheim et al. 1993; Settle et al. 1996; Chang & Kareiva 1999; Symondson et al.
2002; Messelink et al. 2012). This also applies to generalist phytoseiid mites that live
on plants and feed on various arthropod herbivores (Nomikou et al. 2001; Messelink
et al. 2008, 2010, 2012), as well as on plant food such as pollen (Nomikou et al. 2002;
van Rijn et al. 2002) and on plant fungi, such as spores of mildew (Pozzebon & Duso
2008). Compared to specialist natural enemies, the advantage of using generalist
predators is that they can feed on other prey than the target pest, thereby enabling
persistence of their populations at high densities, even in periods of low pest density.
A disadvantage of using generalist predators is that they may also attack non-target
prey or even other predators (intraguild predation or higher-order predation;
Rosenheim et al. 1995; Rosenheim 1998). Although this could potentially disrupt biological control, this is often not the case for intraguild predation (Janssen et al. 2006),
but can occur in the case of higher-order predation (Messelink et al. 2011).
Generalist predators may be present on the plants, but they may also live in the
soil, yet make foraging excursions onto the plants. In this case, their population size
depends on the community of arthropod decomposers and predators in the soil or
litter (Settle et al. 1996; Scheu 2001), as well as on the community of arthropod herbivores on the plant canopy. Some species in the genus Balaustium (Acari:
Erythraeidae) are good examples of species that occur in the litter and on plants
(Putman 1969; Childers & Rock 1981; Welbourn 1983; Welbourn & Jennings 1991).
Moreover, these species prey on a range of species on plants; they have been
observed to feed on fruit-tree red spider mites, Panonychus ulmi (Acari:
Tetranychidae) (Putman 1969; Cadogan & Laing 1977), eggs and larvae of
Lepidoptera and Diptera, aphids and pollen (Hayes 1985). Muñoz et al. (2009)
observed that an undescribed species of Balaustium (C. Welbourn, pers. comm.
2008) feeds preferentially on immatures of three plant pests: two-spotted spider
mites Tetranychus urticae (Acari: Tetranychidae), western flower thrips Frankliniella
occidentalis (Thysanoptera: Thripidae) and greenhouse whiteflies, Trialeurodes vaporariorum (Hemiptera: Aleyrodidae). The same species was used in this study. These
predatory mites are found in the vegetation outside greenhouses of flower cultures
on the Bogotá Plateau in Colombia (Torrado et al. 2001) in cold as well as temperate
zones (Getiva & Acosta 2004). Provided pesticides are not applied, they can be
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abundant and they are considered as candidate predators for control of several pest
species (Muñoz et al. 2009).
In this article, we assess the potential of Balaustium leanderi (Fuentes et al. 2014)
to feed and reproduce on a diet of spider mites, thrips and whiteflies. We measured
prey mortality when exposed to mobile life stages of this predator and we determined the life table parameters on a diet of each of these pest species as well as all
possible mixtures. The mixtures were offered because several generalist predatory
mites have been shown to reproduce better on mixtures of prey species than on each
prey species alone (Oelbermann & Scheu 2002; Messelink et al. 2008), which further
increases their capacity for pest control (Messelink et al. 2008, 2010). This research
may pave the way for future research on the efficacy of B. leanderi as a biocontrol
agent and on the role of soil-inhabiting prey (e.g. fungivorous mites) to boost their
populations and thereby improve pest control.

Materials and methods
Predator and prey cultures
Predators and prey were reared under local greenhouse conditions with a daily maximum and minimum temperature of 31.7 ± 3.5 and 11.1 ± 2 °C (mean ± s.d.). The
whitefly T. vaporariorum was reared on tomato plants (Solanum lycopersicum),
whereas the thrips F. occidentalis was reared on Pelargonium grandiflorum flowers in
plastic containers (30 × 16 × 12 cm) with moist paper towels on the bottom to promote humidity. The spider mite T. urticae was reared on bean plants. The tomato and
bean plants were 2 weeks old at infestation; P. grandiflorum flowers were bought
weekly from a commercial producer, which sprayed minimal levels of pesticides. The
cultures of whiteflies and spider mites were kept in separate compartments in a
greenhouse inside cages to avoid contamination.
Predator rearing units consisted of closed plastic containers (18 cm diameter, 20 cm
height) with an opening (10 cm diameter) covered with a mite-proof steel mesh for ventilation. To provide a suitable substrate for juvenile development, the bottom of the container was covered with a layer of moist peat (c. 3 cm deep). A disc of paper towel (17
cm diameter) was placed on top of the layer to maintain moisture. A total of 15 adult
predator individuals were placed in the container and they were provided with plant
material infested with all stages of whiteflies, thrips and spider mites twice per week.
To obtain a cohort of B. leanderi eggs, we offered individual young adult females a
mixture of the three prey species (Muñoz et al. 2009). To this end, B. leanderi adults
were placed individually in an arena consisting of a rose leaflet on top of an inverted
Petri dish (3 cm diameter), which was used as a base for the leaflet; the petiole was
inserted in a water-filled plastic tube (6 cm long, 2 cm diameter) to provide water to the
leaflet. Mites were kept on the leaflet inside a ring consisting of an opaque PVC tube
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(1 cm high, 2 cm diameter), with a hole in its wall, closed by a piece of cork underneath
which the mites preferred to lay eggs. The ring was closed with plastic wrap (Vinipel)
(see SUPPLEMENTARY MATERIAL 1.1). After 7-10 days, they had laid at least 50 eggs, these
egg batches were transferred to a Petri dish with wet cotton wool (Cadogan & Laing
1977). As soon as the pre-larvae had hatched from the eggs, they were transferred
each to a separate arena (the same as described above but now without a hole). In this
way, batches of 50 individuals at the onset of the pre-larval stage were obtained. For
details of culture methods please see SUPPLEMENTARY MATERIAL 1.1.

Developmental stages, survival and reproduction
Preliminary observations (K. Muñoz-Cárdenas, pers. obs., 2008) showed that B.
leanderi reproduces by thelytoky, as is the case in a related species (B. murorum,
Halliday 2005; B. nr. putmani, Hedges et al. 2012). We therefore studied the life cycle
of B. leanderi with individuals kept singly in an arena (as described above) throughout their life span.
There were seven treatments, three of which involved a daily supply with one of
the three prey species, offered in sufficient numbers to prevent prey depletion: 80
spider mite eggs, 80 whitefly eggs or 20 first-instar thrips. Predator larvae were
offered half these amounts because of their lower prey requirements. Each treatment
was replicated with c. 50 B. leanderi individuals, each in a separate experimental
unit. We also carried out four treatments involving the following prey combinations
based on a replacement design (i.e. half or a third of the amounts of prey offered in
the monocultures): (1) 40 eggs of T. urticae and of T. vaporariorum, (2) 40 eggs of T.
vaporariorum and 10 larvae of F. occidentalis, (3) 40 eggs of T. urticae, 10 larvae of F.
occidentalis, and (4) 30 eggs of T. urticae, 30 eggs of T. vaporariorum and six larvae
of F. occidentalis. Each of these treatments was replicated with 15 B. leanderi individuals. Predator larvae again received half the amount of prey. Prey mortality was
measured to verify that enough prey was offered to the predatory mites (see
SUPPLEMENTARY MATERIAL 1.2 for results).
Spider mite eggs and thrips larvae were replaced daily with fresh prey from the cultures, using a fine paintbrush. Thus, spider-mite eggs were offered free of the silken
web produced by T. urticae. Whitefly eggs were replaced once per week as follows.
Three whitefly females were allowed to lay eggs on rose leaflets in a clip cage in the
presence of males for a period of 3 days. The leaflets with eggs were subsequently
used as arenas for predatory mites. Excesses of whitefly eggs and honeydew were
removed with a small wet cotton swab. We registered the number of days of every
stage, the day at which every B. leanderi female laid eggs and the day they died.
Effects of diet on life span and pre-oviposition period were analysed using generalized linear models (GLM) with a Poisson error distribution. For fecundity, a quasi-
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Poisson error distribution was used to correct for overdispersion. The effect of diet
on survivorship was analyzed using a Cox proportional hazards model (Hosmer &
Lemeshow 1999; Crawley 2007). To test the effect of diet on the percentage of nonreproductive predatory mites, we performed a GLM with a quasi-binomial error distribution to correct for overdispersion. Treatments were compared using the multcomp package (Hothorn et al. 2008).

Life table parameters
As shown below, the reproduction of B. leanderi represents a special type of semelparity (Stearns 1976, 1992; Roff 1992), appropriately referred to as ‘pronounced’
semelparity (Hautekeete et al. 2001): all eggs are deposited within a very short time
span (also called ‘big-bang reproduction’; Diamond 1982; Zeineddine & Jansen
2009). Under big-bang reproduction and thelytoky, the life history can be summarized by the following variables: (1) the egg-to-egg developmental time, which then
equals the generation time T; (2) the number of eggs produced per reproductive
female at age T (mT); (3) the survival from egg deposition until reproducing adult (lT).
The latter variable is the product of the survival until adulthood (lA) and the proportion of adults that reproduces (sT). Based on these life table parameters, we calculated the net reproduction rate (R0 = lTmT) and the intrinsic rate of increase (rm), which
for the special case of big-bang reproduction equals (Carey 1993):
rm = ln(R0)/(T + 1).

(1)

Under big bang reproduction, the variables T and mT can be quantified for each
individual separately. Such an individual-based assessment is obviously not possible
for the survival probability until becoming a reproducing adult (lT). We therefore provisionally used population estimates of lT when estimating the rm for each individual,
which enabled us to estimate the mean and the variance of rm.
To explore trade-offs between the net reproduction and the egg-to-egg period, we
carried out a regression analysis of individual R0 against individual T and individual
rm against individual T. To help exploring how the trade-off between individual R0 and
individual T influences the relation between individual rm and individual T, we plotted
rm based on the overall mean of R0 and T in relation to T (necessarily leading to a
hyperbolic relation because R0 is constant).
The effect of diet on intrinsic rate of population increase was analysed with a GLM
with a Gaussian error distribution. To detect trade-offs and possibly other trends in
the intrinsic rate of population increase and the net reproduction, these parameters
were plotted against the egg-to-egg developmental time. All the statistical tests were
done using the software R (2.15.1).
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Results
Developmental stages
We observed seven developmental stages (see SUPPLEMENTARY MATERIAL 1.1), comparable to the related species B. putmani (Putman 1969; Cadogan & Laing 1977) and
B. hernandezi (Makol et al. 2012): (1) the spherical egg (c. 0.16 mm diameter), initially red but turning dark red later; (2) the red oval prelarva with an orange band (c. 0.2
mm wide, c. 0.3 mm long); (3) the orange-red, six-legged larva; (4) the scarlet, oval
and quiescent (legless and sessile) protonymph; (5) the scarlet, oval and eight-legged
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deutonymph showing three distinctive parallel white dorsal lines; (6) the orange-red
tritonymphs (morphologically similar but larger than the protonymph); (7) the brightred to dark-red adults with four pairs of legs and three white lines on the dorsum (like
the deutonymph) (1 mm wide, 1.5 mm long). We found only females, as in B. murorum (Halliday 2005).
The overall life span varied significantly with diet (FIGURE 1.1A; GLM, deviance =
67.7, d.f. = 6,73, P<0.0001). The shortest mean life span was found on a mixed diet
of eggs of whiteflies and spider mites, the longest when offered thrips larvae. Most
of the variation in overall life span was due to differences in the longevity of the adults
(FIGURE 1.1A).
The time from emergence as an adult to the first egg laid (the pre-oviposition period) also varied significantly with the diet offered (FIGURE 1.1B; GLM, deviance =
123.7, d.f. = 6,47, P<0.0001). It was shortest on a mixed diet of whiteflies and spider
mites and on a diet of spider mites and thrips, and longest on a diet of thrips or spider mites alone, thrips alone and the combination of all three prey species.

Survival

Cumulative proportion surviving until adult

Survival varied significantly with diet (FIGURE 1.2; Log rank test = 13.36, d.f = 6, P =
0.038). The predatory mites fed with thrips alone or in combination with spider mites
showed significantly more mortality compared to the predatory mites fed with the
other diets. In general, most mortality occurred during the development from pre-larvae to larvae, which occurs from days 15-30 (FIGURE 1.2).

1
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FIGURE 1.1. The effect of single prey species and mixtures of species on the life span of Balaustium leanderi. Diets
consisted of whitefly eggs (W), thrips larvae (T), spider-mite eggs (S), or combinations of these prey. (A) Mean (+
s.e.) life span, including the mean duration of the immature phase indicated by the black bars and the adult
longevity indicated by the white bars. (B) Mean (+ s.e.) preoviposition period. Different letters indicate significant
differences among diets for the total life span (A, white + black bars) and for the pre-oviposition period (B).
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FIGURE 1.2. Cumulative survivorship of Balaustium leanderi predators on different diets. S refers to spider-mite
eggs, T to thrips larvae and W to whitefly eggs. Different letters next to the survivorship curves indicate significant
differences.
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Reproduction
Oviposition occurred within 1 or 2 days, implying big-bang reproduction. Thus, to
characterize reproductive effort, it suffices to focus on fecundity per reproductive
female (FIGURE 1.3A). Fecundity varied significantly with diet (GLM, F6,46 = 3.34, P =
0.008). In particular, fecundity on a diet of spider mite eggs was significantly lower
than that on a diet of whitefly eggs or of thrips larvae.
The percentage of non-reproductive predatory mites (sT) also varied with diet
(FIGURE 1.3B; GLM, F6,71 = 2.58, P = 0.026). On a diet of whitefly eggs either with or
without spider mites, fewer than 10% of the adult predators did not oviposit, whereas
on the other diets this was 25% or more. The proportion of non-reproductive preda-
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tors fed on the mixed diet of eggs of whiteflies and spider mites and that fed on a diet
of whiteflies alone was significantly lower than in the other treatments (FIGURE 1.3B).

Life table parameters
Using the individual estimates of T and mT and the population estimates of lT, we calculated ‘individual’ rm, their mean and standard error for each diet (FIGURE 1.4) and
found significant dietary effects on rm (GLM, F8,47 = 12.88, P<0.0001). Clearly, a
mixed diet of whitefly and spider mite eggs together gave the highest value of rm and
a diet of exclusively thrips larvae or spider mites resulted in the lowest values.
The effect of diet on R0 was not tested separately because it essentially converges
to analyzing the effect on fecundity (lT being a population estimate). We found a nonsignificant negative correlation between the generation time T and the net reproductive rate R0 = lT mT (FIGURE 1.5A; linear regression, d.f. = 1, 52, R2 = 0.045, P = 0.12).
Regressing rm against T is not very informative: because T was used to calculate
rm, it results in a spurious correlation. Instead, it was thought to be more instructive
to see how rm declines with T when rm is calculated following expression (1), using
each individual developmental time T (points in FIGURE 1.5B) and the overall mean R0
(drawn line in FIGURE 1.5B). Clearly, the data points tend to be above the line for low
values of T and below the line for higher values of T. This demonstrates the extent to
which the R0-T relation determines the individual rm.
FIGURE 1.5 illustrates the main points of our life history assessment. First, a diet of
thrips larvae or spider mites is the least profitable food in terms of R0 and rm (the data
points cluster at the lower right end of the plot). Second, the mixture of eggs of whiteflies and spider mites tend to be the most profitable food source, especially when
looking at rm (all data point cluster at the higher left end of the plot; FIGURE 1.5B).
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FIGURE 1.3. The effect of diet on the average (+ s.e.) (A) total number of eggs laid by reproductive adult females
of Balaustium leanderi and (B) proportion of non-reproductive B. leanderi females. Different letters indicate significant differences. S refers to spider-mite eggs, T to thrips larvae and W to whitefly eggs.
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FIGURE 1.4. The effect of different diets on the intrinsic rate of population increase (rm + s.e.) of Balaustium. Different
letters indicate significant differences. S refers to spider-mite eggs, T to thrips larvae and W to whitefly eggs.
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shine 1991). On a continuous scale from ‘pronounced semelparity’ to ‘pronounced
iteroparity’ (Hautekeete et al. 2001), many fast-reproducing mites exhibit semelparous reproduction; examples are physogastric heterostigmatic mites (Bruce &
Wrensch 1990; Kaliszewski et al. 1995), prostigmatic mites such as eriophyoids
(Sabelis & Bruin 1996) and tetranychoid mites (Sabelis 1991), and mesostigmatic
mites such as phytoseiids (Sabelis & Janssen 1994). However, all these mites require
a few weeks to produce all offspring and do not immediately die after reproducing
(Blommers & van Arendonk 1979). Hence, they do not even come close to the phenomenon of big-bang reproduction as described here for B. leanderi and elsewhere
for B. hernandezi (Makol et al. 2012). Theory on semelparous and iteroparous reproduction predicts that big-bang reproduction is favoured by natural selection when
adult survival (up to the next reproductive bout) is predictably very low relative to
juvenile survival (Cole 1954; Charnov & Schaffer 1973; Young 1981; Ranta et al. 2002;
Zeineddine & Jansen 2009). However, which ecological factors determine predictably
low survival in adults of erythraeid predators remains to be elucidated. High soil surface temperatures may cause dramatic mortality, but at least some Balaustium spp.
seem to resist temperatures up to 48-52 ºC and have a high dehydration tolerance
(Hedges et al. 2012). Critical factors determining survival of B. leanderi clearly need
to be investigated.

0.04

Effect of diet on life table parameters
0.02

0
35

45

55

65

75

Egg-to-egg developmental time


FIGURE 1.5. Relation of (A) net reproduction (R0) and (B) the intrinsic rate of population increase (rm) to egg-to-egg
developmental period (T) of Balaustium leanderi on different diets. Panel B only serves for visual inspection and
was not used for a regression analysis because it would yield spurious correlations. The interpretation of this figure is facilitated by including a line expressing rm as a function of T (see text). The deviation of the data from this
line shows the extent to which the relation between R0 and T (Panel A) affects the value of rm.

Discussion
Pronounced semelparity
We show that B. leanderi exhibits big-bang reproduction or ‘pronounced semelparity’ (Stearns 1976, 1992; Roff 1992; Hautekeete et al. 2001): they lay all their eggs in
1 or 2 days after a long period of development and die soon thereafter. Big-bang
reproduction is widespread among the hard ticks (Acari: Ixodidae), whereas
iteroparous reproduction prevails among the soft ticks (Acari: Argasidae) (Sonen-
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In the case of big-bang reproduction, life-history theory predicts the existence of a
switch point in the relative importance of net reproduction (R0) and the generation
time (T) (Caswell 1982). Here, we investigate the existence of such a switch point in
B. leanderi. The relative contribution of R0 and T to rm can be assessed from the ratio
of r-values obtained after a fixed proportional increase (a) in R0 [referred to as r(R0)]
and in 1/T [referred to as r(T)]:
r(R0)/r(T) = [ln(aR0)/(T+1)]/[aln(R0)/(T+1)] = ln(aR0)/aln(R0).

(2)

In order to study the relative importance of R0 and T for the population growth rate
of B. leanderi, we assessed the change of rm as a result of changing from feeding
and developing on one diet to another diet. Because the change from diet j to diet i
and the change from diet i to j would result in the same absolute value of the change
in rm, we took the subset of changes from an inferior diet to a superior diet. Hence,
each combination of diets was represented once.
Expression (2) can be used to calculate the relative contribution of R0 and T to rm
as a function of R0 for equal proportional changes (a) in both parameters. However,
the changes in R0 and T were not equal in our data set. The R0 on the best diet
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(whiteflies plus thrips) was 21.29 and on the worst diet (thrips) 9.35. Hence, the maximum proportional change in R0 was a = 2.277 (= 21.29/9.35). Likewise, T on the best
diet (whiteflies plus spider mites) was 43.75, and on the worst diet (thrips) it was 63.0,
resulting in a proportional change of b = 1.44 (= 63.0/43.75). We used these values
to calculate the relative contribution of R0 and T to rm as a function of R0 using:

stronger selection for higher net reproduction than for a shorter developmental period on some diets, and the reverse on other diets. This could be verified by setting up
an experimental evolution approach with samples from the same population of this
predator on different diets.

r(R0)/r(T) = ln(aR0)/bln(R0).

To explain the low performance on a diet of thrips larvae only, the above analysis indicates that we should focus on the factors that decrease net reproduction of the erythraeid predator (R0). Thrips are known to counter-attack predatory mites, especially their eggs (Faraji et al. 2002a,b; Janssen et al. 2002; Magalhães et al. 2005), and
this may offer explanations for the low numbers of eggs found for predators on a diet
of thrips. Firstly, the female predators may oviposit normally on a diet of thrips larvae, but counterattacks by the thrips may have resulted in egg mortality, thus falsely giving the impression that the oviposition rate of the predators was low. Second,
it is known that predators may retain eggs when eggs run the risk of being preyed
upon (Montserrat et al. 2007), and this may have occurred here. Third, it is possible
that thrips also injure adult predators, which are therefore unable to produce eggs
(for such effects on phytoseiid predators, see Bakker & Sabelis 1989). Furthermore,
the low juvenile survival on a diet of thrips larvae (FIGURE 1.2) may directly result from
attacks on predator larvae by thrips larvae. In particular, the larvae of the erythraeid
predator are vulnerable because they are similar in size to thrips larvae. The deutonymphs, however, are larger and therefore suffer less from counterattack by thrips
larvae. All these possible effects warrant a more detailed study of counterattacking
behaviour of the thrips and the impact on the predatory mites.
On the other hand, the decreased performance on a diet of spider mites which led
to a rm as low as the one obtained for the predators fed on thrips (FIGURE 1.4) was
not due to low survival (FIGURE 1.2) but to the long generation and pre-oviposition
time, the low oviposition, and the high number of individuals that did not reproduce.
This could indicate that there is a deficiency in the nutrients found in the spider mite
eggs: this possible lack of nutrients may have affected the development and reproduction of B. leanderi.

(3)

The curve resulting from this (FIGURE 1.6) shows that R0 contributes more to
increases of rm for values of R0<7, whereas T is more important for higher values.
Hence, there is indeed a switch point from R0 being more important to T being more
important for realistic values of these parameters.
We subsequently considered all possible diet changes of B. leanderi that resulted
in an increase of the intrinsic growth rate (hence, changing to a better diet) and calculated the contribution of R0 and T to the increase in rm using expression (3), using
the relative changes in R0 and T for this particular diet shift as estimates of a and b.
The results are shown as points in FIGURE 1.6. Our data indeed show that the contribution of T to rm is higher than that of R0 for higher values of R0, whereas the opposite is true for low values of R0 (FIGURE 1.6). However, the switch point seems to occur
for somewhat higher values of the R0 on the inferior diet than predicted (cf. points
and curve in FIGURE 1.6). The existence of such a switch point has interesting consequences for the evolution of the life-history of B. leanderi, which will experience

relative contri ution R0 T

1.5

1.0

0.5

Thrips and spider mites as inferior prey

The benefit of a mixed diet
0.0
0

5

10

15

20

25

R0 on inferior diet

FIGURE 1.6. The relative contribution of R0 and T to changes in intrinsic growth rate as a result of changing from
an inferior diet to a superior diet. Above the interrupted line, the contribution of R0 to an increase in rm as a result
from the switch from an inferior diet to a superior diet is more important, below this line, the contribution of T is
larger. The curve is calculated using expression (3) (see text), points were calculated from the data of each possible shift from an inferior to a superior diet.
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The major outcome of our study is that the intrinsic rate of population increase was
significantly higher when the predators fed on a mixture of whitefly eggs and spidermite eggs compared to other diets. Such effects of mixed diets have been reported
before (Toft & Wise 1999; Oelbermann & Scheu 2002; Messelink et al. 2008; Harwood
et al. 2009). Because we used a replacement design for the number of each prey
species in the mixtures and because spider-mite eggs are smaller than whitefly eggs
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(thus containing less food), the higher reproductive capacity must be due to the nutritional composition of the mixed diet and not due to an increased availability of food.
However, the quality of the diet is probably not only determined by nutritional content, but also by interference among the prey species, i.e. intraguild predation by
thrips larvae, and by prey defences, such as the web of spider mites which protects
the eggs, but can also be used as a refuge by thrips larvae. These latter factors were
not taken into account in our experiments (since the web was removed) and therefore need to be considered in future experiments.
Clearly, the role of mixed diets for predatory arthropods that are used as biological control agents needs more attention. Mixed diets may boost populations of predators, thereby increasing their impact on pest populations (see also Messelink et al.
2008), even on pests that are difficult to attack by the predators (Messelink et al.
2010). We therefore advocate elaborate testing of dietary effects of all arthropods
that are sufficiently abundant in the litter and on the plant and may serve as prey for
biological control agents. Moreover, it would be worthwhile to investigate which alternative foods/prey can be manipulated to boost predator populations in the litter layer,
thereby increasing their impact on pests in the crop.

Acknowledgements
We thank Paul van Rijn for comments and especially for some pertinent suggestions
with respect to FIGURE 1.5. KM was supported by Colciencias (Colombia) (Programa
‘Francisco José de Caldas’ 2011).

References
Bakker FM, Sabelis MW (1989) How larvae of Thrips tabaci reduce the attack success of phytoseiid predators. Entomol Exp Appl 50:47-51
Blommers LHM, van Arendonk RCM (1979) The profit of senescence in phytoseiid mites. Oecologia 44:8790
Bruce WA, Wrensch DL (1990) Reproductive potential, sex ratio, and mating efficiency of the straw itch mite
(Acari: Pyemotidae). J Econ Entomol 83:384-391
Cadogan B, Laing J (1977) A technique for rearing the predaceous mite Balaustium putmani (Acarina:
Erythraeidae), with notes on its biology and life history. Can Entomol 109:1535-1544
Carey JR (1993) Applied demography for biologists, with special emphasis on insects. Oxford University
Press, New York, USA
Caswell H (1982) Life history theory and the equilibrium status of populations. Am Nat 120:317-339
Chang GC, Kareiva P (1999) The case for indigenous generalists in biological control. In: BA Hawkins and HV
Cornell (eds) Theoretical approaches to biological control. Cambridge University Press, Cambridge,
England, pp. 103-115
Charnov EL, Schaffer WM (1973) Life-history consequences of natural selection: Cole's result revisited. Am
Nat 107:791-793
Childers CC, Rock GC (1981) Observations on the occurrence and feeding habits of Balaustium pulmani
(Acari: Erythraeidae) in North Carolina apple orchards. Int J Acarol 7:63-68
Chiverton PA (1986) Predator density manipulation and its effects on populations of Rhopalosiphum padi
(Hom, Aphididae) in spring barley. Ann Appl Biol 109:49-60

42

GENERALIST

PREDATOR PERFORMS BETTER ON A MIXED DIET

| CHAPTER 1

Cole LC (1954) The population consequences of life history phenomena. Quarterly Rev Biol 29:103-137
Crawley MJ (2007) The R Book. John Wiley & Sons, Chichester, England
Diamond JM (1982) Big-bang reproduction and ageing in male marsupial mice. Nature 298:115-116
Faraji F, Janssen A, Sabelis MW (2002a) The benefits of clustering eggs: the role of egg predation and larval
cannibalism in a predatory mite. Oecologia 131:20-26
Faraji F, Janssen A, Sabelis MW (2002b) Oviposition patterns in a predatory mite reduce the risk of egg predation caused by prey. Ecol Entomol 27:660-664
Fuentes Quintero LS, Muñoz-Cárdenas K, Combita O, Jimeno E, Getiva de la Hoz JC, Cantor F, Rodriguez
D, Makol J (2014) A re-description of Balaustium leanderi Comb. Nov. (Actinotrichida, Erythraeidae) with
first report on characteristics of all active instars and taxonomic notes on the genus. Fla Entomol 97:937951
Getiva J, Acosta A (2004) Taxonomía de ácaros asociados a cultivos de flores. Asocolflores 66:59-68
Halliday R (2005) Predatory mites from crops and pastures in South Africa: potential natural enemies of redlegged earth mite Halotydeus destructor (Acari: Penthaleidae). Zootaxa 1079:11-64
Harwood JD, Phillips SW, Lello J, Sunderland KD, Glen DM, Bruford MW, Harper GL, Symondson WOC
(2009) Invertebrate biodiversity affects predator fitness and hence potential to control pests in crops. Biol
Control 51:499-506
Hassell MP, May RM (1986) Generalist and specialist natural enemies in insect predator-prey interactions. J
Anim Ecol 55:923-940
Hautekeete NC, Piquot Y, Van Dijk H (2001) Investment in survival and reproduction along a semelparityiteroparity gradient in the Beta species complex. J Evol Biol 14:795-804
Hayes JL (1985) The predator-prey interaction of the mite Balaustium sp. and the pierid butterfly Colias
alexandra. Ecology 66:300-303
Hedges BZ, Rosselot AE, Tomko PM, Yoder JA, Benoit JB (2012) High temperature and dehydration tolerance of the red velvet mite, Balaustium sp. (Erythraeidae), permit the exploitation of extremely hot, dry
microhabitats. Int J Acarol 38:89-95
Hosmer DWJ, Lemeshow S (1999) Applied Survival Analysis. Regression Modeling of Time to Event Data.
Wiley-Interscience Publication, New York, USA
Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in general parametric models. Biometrical J
50:346-363
Janssen A, Faraji F, van der Hammen T, Magalhães S, Sabelis MW (2002) Interspecific infanticide deters predators. Ecol Lett 5:490-494
Janssen A, Montserrat M, HilleRisLambers R, de Roos AM, Pallini A, Sabelis MW (2006) Intraguild predation
usually does not disrupt biological control. In: Brodeur J, Boivin G (eds) Trophic and guild interactions in
biological control. Vol. 3. Springer, Dordrecht, The Netherlands, pp. 21-44
Kaliszewski M, Athias-Binche F, Lindquist EE (1995) Parasitism and parasitoidism in Tarsonemina (Acari:
Heterostigmata) and evolutionary considerations. Advances in Parasitology 35:335-367
Makol J, Arijs Y, Wäckers FL (2012) A new species of Balaustium von Heyden, 1826 (Acari: Actinotrichida,
Erythraeidae) from Spain. Zootaxa 3178:1-21
Magalhães S, Janssen A, Montserrat M, Sabelis MW (2005) Prey attack and predators defend: counterattacking prey trigger parental care in predators. Proc R Soc B 272:1929-1933
Magalhães S, van Rijn PC, Montserrat M, Pallini A, Sabelis MW (2007) Population dynamics of thrips prey
and their mite predators in a refuge. Oecologia 150:557-568
Messelink G, van Maanen R, van Holstein-Saj R, Sabelis MW, Janssen A (2010) Pest species diversity
enhances control of spider mites and whiteflies by a generalist phytoseiid predator. BioControl 55:387-398
Messelink GJ, Bloemhard CMJ, Cortes JA, Sabelis MW, Janssen A (2011) Hyperpredation by generalist
predatory mites disrupts biological control of aphids by the aphidophagous gall midge Aphidoletes
aphidimyza. Biol Control 57:246-252
Messelink GJ, Sabelis MW, Janssen A (2012) Generalist predators, food web complexities and biological pest
control in greenhouse crops. In: M.L. Larramendy and S. Soloneski (eds) Integrated Pest Management
and Pest Control – Current and Future Tactics. InTech, Rijeka, Croatia, pp. 191-214

43

CHAPTER 1 | GENERALIST

PREDATOR PERFORMS BETTER ON A MIXED DIET

Messelink GJ, van Maanen R, van Steenpaal SEF, Janssen A (2008) Biological control of thrips and whiteflies
by a shared predator: two pests are better than one. Biol Control 44:372-379
Montserrat M, Bas C, Magalhaes S, Sabelis MW, de Roos AM and Janssen A (2007) Predators induce egg
retention in prey. Oecologia 150:699-705
Muñoz K, Fuentes L, Cantor F, Rodríguez D, Cure JR (2009) Feeding preferences of the mite Balaustium sp.
under controlled conditions. Agron Colomb 27:95-103
Murdoch WW (1994) Population regulation in theory and practice. Ecology 75:271-287
Murdoch WW, Chesson J, Chesson PL (1985) Biological control in theory and practice. Am Nat 125:344-366
Murdoch WW, Scott MA, Ebsworth P (1984) Effects of the general predator, Notonecta (Hemiptera) upon a
fresh-water community. J Anim Ecol 53:791-808
Nomikou M, Janssen A, Schraag R, Sabelis MW (2001) Phytoseiid predators as potential biological control
agents for Bemisia tabaci. Exp Appl Acarol 25:271-291
Nomikou M, Janssen A, Schraag R, Sabelis MW (2002) Phytoseiid predators suppress populations of Bemisia
tabaci on cucumber plants with alternative food. Exp Appl Acarol 27:57-68
Oelbermann K, Scheu S (2002) Effects of prey type and mixed dites on survival, growth and development of
a generalist predator, Pardosa lugubris (Araneae: Lycosidae). Basic Appl Ecol 3:285-291
Pozzebon A, Duso C (2008) Grape downy mildew Plasmopara viticola, an alternative food for generalist
predatory mites occurring in vineyards. Biol Control 45:441-449
Putman WL (1969) Life history and behavior of Balaustium putmani (Acarina: Erythraeidae). Ann Entomol Soc
Am 63:76-81
Ranta E, Tesar D, Kaitala V (2002) Environmental variability and semelparity vs. iteroparity as life histories. J
Theor Biol 217:391-396
Roff DA (1992) The evolution of life histories: theory and analysis. Chapman & Hall, New York, USA
Rosenheim JA (1998) Higher-order predators and the regulation of insect herbivore populations. Annu Rev
Entomol 43:421-447
Rosenheim JA, Kaya HK, Ehler LE, Marois JJ, Jaffee BA (1995) Intraguild predation among biological control
agents – Theory and evidence. Biol Control 5:303-335
Rosenheim JA, Wilhoit LR, Armer CA (1993) Influence of intraguild predation among generalist insect predators on the suppression of an herbivore population. Oecologia 96:439-449
Sabelis MW (1991) Life-history evolution of spider mites. In: R. Schuster and P.W. Murphy (eds) The Acari.
Reproduction, Development and Life-history Strategies. Chapman & Hall, London, UK, pp. 23-49
Sabelis MW, Bruin J (1996) Evolutionary ecology: Life history patterns, food plant choice and dispersal. In:
E.E. Lindquist, M.W. Sabelis and J. Bruin (eds) World Crop Pests. Vol. 6. Elsevier, Amsterdam, The
Netherlands, pp. 329-366
Sabelis MW, Janssen A (1994) Evolution of life history patterns in the Phytoseiidae. In: Houck MA (ed) Mites:
ecological and evolutionary analyses of life history patterns. Chapman & Hall, New York, USA, pp. 70-98
Scheu S (2001) Plants and generalist predators as links between the below- ground and above-ground system. Basic Appl Ecol 2:3-13
Settle WH, Ariawan H, Astuti ET, Cahyana W, Hakim AL, Hindayana D, Lestari AS (1996) Managing tropical
rice pests through conservation of generalist natural enemies and alternative prey. Ecology 77:19751988
Sonenshine DE (1991) Biology of ticks. Oxford University Press, New York, USA
Stearns SC (1976) Life-history tactics: a review of the ideas. Q Rev Biol 51:3-47
Stearns SC (1992) The evolution of life histories. Oxford University Press, Oxford, England
Symondson WOC, Sutherland KD, Greenstone MH (2002) Can generalist predators be effective biocontrol
agents? Annu Rev Entomol 47:561-594
Toft S, Wise DH (1999) Growth, development, and survival of a generalist predator fed single- and mixedspecies diets of different quality. Oecologia 119:191-197
Torrado E, Pérez M, Cure J, García M, Echeverri C (2001) Evaluación de sistemas de control biológico utilizados comercialmente en Europa para el control de plagas de rosa bajo invernadero, en la Sabana de
Bogotá. Asocolflores 61:34-45

44

GENERALIST

PREDATOR PERFORMS BETTER ON A MIXED DIET

| CHAPTER 1

van Rijn PCJ, van Houten YM, Sabelis MW (2002) How plants benefit from providing food to predators even
when it is also edible to herbivores. Ecology 83:2664-2679
Welbourn WC (1983) Potential use of trombidoid and erythraeoid mites as biological control agents of insect
pests. In: M.A. Hoy, G.L. Cunningham and L. Knutson (eds) Biological Control of Pests and Mites.
University of California, Berkeley, USA, pp. 103-140
Welbourn WC, Jennings DT (1991) Two new species of Erythraeidae (Acari, Prostigmata) associated with the
spruce budworm, Choristoneura fumiferana (Clemens) (Lepidoptera, Tortricidae), in Maine. Can Entomol
123:567-580
Young TP (1981) A general model of comparative fecundity for semelparous and iteroparous life histories. Am
Nat 118:27-36
Zeineddine M, Jansen VA (2009) To age, to die: parity, evolutionary tracking and Cole's paradox. Evolution
63:1498-1507

SUPPLEMENTARY MATERIAL 1.1 – Details of
culture methods

Generalist red velvet mite
predator (Balaustium
leanderi) performs better
on a mixed diet

Karen Muñoz1,3
Luz Fuentes2
Fernando Cantor3
Daniel Rodríguez3
Arne Janssen1
Maurice W. Sabelis1
Photography: Jan van Arkel1
1. IBED, University of Amsterdam.
2. Centro de Biosistemas, Universidad Jorge Tadeo Lozano
3. Facultad de Ciencias Básicas, Universidad Militar Nueva Granada

contact:
Arne.Janssen@uva.nl

45

CHAPTER 1 | GENERALIST

GENERALIST

PREDATOR PERFORMS BETTER ON A MIXED DIET

Predator cultures

PREDATOR PERFORMS BETTER ON A MIXED DIET

| CHAPTER 1

Experimental units

Eggs must be kept on wet cotton

Predatory mites

Arenas to assess juvenile development
Petri dish lid wrapped with paper towel

Transparent PVC tube fragment

Leaves with prey
Plastic tube with water
Towel paper
Humid peat
Plastic wrap
pb
barrier
arrie

Experimental units

Experimental units

Cork provides oviposition sites
Petri dish lid wrapped with paper towel

Opaque PVC tube fragment

Plastic tube with water
Piece
e of cork

Plastic wrap
pb
barrier
arrie
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Balaustium sp.
Life cycle

Prelarva

Eggs

Larva
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Tritonymph

Emerging adult

Deutonymph
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Balaustium leanderi preying on a
greenhouse whitefly adult
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Balaustium leanderi adult preying on
two-spotted spider mite adult

Balaustium leanderi preying on
western flower thrips larva

0.166 mm
x
0.20 mm
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Egg size

53

CHAPTER 1 | GENERALIST

GENERALIST

PREDATOR PERFORMS BETTER ON A MIXED DIET

PREDATOR PERFORMS BETTER ON A MIXED DIET

| CHAPTER 1

SUPPLEMENTARY MATERIAL 1.2 – Prey mortality
Balaustium leanderi exhibits big-bang reproduction

Methods
As explained in the Methods section of the main text, we provided sufficient amounts
of each prey species and stage to allow for maximum predation rates. Each day, the
number of surviving prey individuals was assessed per arena. Mortality rates per prey
species were first averaged per predator individual per stage and were compared
among stages with a mixed effects model with the individual predator as random factor (LME of the nlme package of R). For these comparisons, only the single diets (so
not the mixed diets) were used.

Results
All mobile stages of the predator consumed prey. Prey mortality rates increased with
the developmental stage of predator, irrespective of the prey offered (FIGURE S1.2.1;
TABLE S1.2.1a).
Because we supplied sufficient amounts of prey, we expected consumption of
each prey species in a prey mixture to be lower than with single prey diets due to
predator satiation. This was indeed the case for the mixed diet of eggs of whiteflies
and of spider mites (FIGURE S1.2.1), but more eggs of spider mites and more eggs of
whiteflies were killed in the presence of thrips larvae than when these eggs were
offered alone (FIGURE S1.2.1; TABLE S1.2.1b). This may have been caused by thrips
larvae acting as intraguild predators on the eggs of whiteflies and spider mites, there

3UH\ PRUWDOLW\









76
:

/DUYD
1\PSK
$GXOW

/DUYD
1\PSK
$GXOW

/DUYD
1\PSK
$GXOW
7

6
7

/DUYD
1\PSK
$GXOW

:7

/DUYD
1\PSK
$GXOW

:

/DUYD
1\PSK
$GXOW

/DUYD
1\PSK
$GXOW



:6

:76

6

FIGURE S1.2.1. Average (+ s.e.) prey mortality (prey/predator/day) in the presence of different developmental
stages (larva, deutonymph, adult) of Balaustium leanderi when offered single or mixed diets of whitefly eggs (W),
thrips larvae (T) and spider-mite eggs (S).
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by increasing overall levels of mortality of these latter two prey. Therefore, we refer
to prey mortality rates instead of predation rates throughout the manuscript.
TABLE S1.2.1a. Comparisons among the number of prey consumed by different stages of Balaustium leanderi
(mixed effects model with repeated measures).
Prey
Whitefly eggs

Thrips larvae

Spider mite eggs

Overall effect and comparisons
Overall
Larvae-Nymphs
Nymphs-Adults
Adults-Larvae
Overall
Larvae-Nymphs
Nymphs-Adults
Adults-Larvae
Overall
Larvae-Nymphs
Nymphs-Adults
Adults-Larvae

df
2
1
1
1
2
1
1
1
2
1
1
1

Likelihood ratio
109.0
77.7
24.4
105.5
30.2
1.11
20.7
27.3
187.8
135.7
56.9
181.5

P
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.29
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

TABLE S1.2.1b. Comparison of the prey mortality in treatments with whitefly eggs (W) or spider mite eggs (S) alone
and in combination with western flower thrips (T) (linear mixed effects model with repeated measures).
Predator stage
Larva
Nymph
Adult

56

Prey
Whitefly eggs
Spider mite eggs
Whitefly eggs
Spider mite eggs
Whitefly eggs
Spider mite eggs

Comparison
W vs. W+T
S vs. S+T
W vs. W+T
S vs. S+T
W vs. W+T
S vs. S+T

df
1
1
1
1
1
1

Likelihood ratio
46.9
77.2
15.9
44.9
14.4
63.1

P
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

