Comparison of predator-parasitoid-prey interaction models for different host plant
qualities

Carolina Sanchezl, Manuel Gamezz*, Francisco J. Burguillo3, Jozsef Garay4, Tomas
Cabello'

'Department of Biology and Geology, University of Almeria, Almeria, Spain

2Depalrtment of Mathematics, University of Almeria, Almeria, Spain

*Department of Physical Chemistry, University of Salamanca, Salamanca, Spain

*Department of Plant Systematics, Ecology and Theoretical Biology, L. E6tvés University,
Budapest, Hungary

“corresponding author e-mail: mgamez@ual.es

Keywords: phytophagous-parasitoid-predator system, Lotka-Volterra model, cultivar,
Nesidiocoris tenuis, Bemisia tabaci, Trichogramma achaeae

Abstract: Population dynamics models suggest that the over-all level of resource productivity
plays an important roles in community dynamics. One such factor of resource productivity the
quality of the host plant, which can determine the effectiveness of entomophagous (predatory
and parasitoids species) by altering the growth rate of the phytophagous population via effects
on fecundity, survival, and rate of development. These effects have been studied in relation to
the distribution of host plants and their physiological state. However, few studies have
considered the differences among plant cultivars.

The objective of this study was to identify a continuous-time dynamic model, to describe the
effects of different tomato cultivars on a one predator-two prey model. The experiment was
carried out under greenhouse conditions using ten tomato cultivars, with the predatory species
Nesidiocoris tenuis (Reuter) (Insecta, Hemiptera, Miridae) and two prey species: the
phytophagous species Bemisia tabaci (Gennadius) (Insecta, Hemiptera, Aleyrodidae) and the
parasitoid species Trichogramma achaeae Nagaraja & Nagarkatti (Insecta, Hymenoptera,
Trichogrammatidae); the latter was used as the intraguild-prey.

Using the software SIMFIT we found that a three-dimensional Lotka-Volterra type system
could be well fitted to the data, estimating the phytophagous species’ growth rate, the
parasitoid and predator mortality rates, the predation and parasitism rates, and the parasitoid
emergence rate according to the cultivar type.

The results showed an important effect of the host plant quality,by cultivar, on intraguild
predation, resulting in important changes in the dynamics of phytophagous populations. These
results are also discussed in relation to their importance in the biological control of pest
species in greenhouse crops.



Introduction

Biological control programmes in European greenhouse tomato crops depend on the use
of Nesidiocoris tenuis (Reuter) or Macrolophus pygmaeus (Hem.: Miridae) to control
the sweet potato whitefly, Bemisia tabaci (Gennadius) (Hem.: Aleyrodidae) (Castane et
al. 2007; Calvo et al. 2012) and on Trichogramma achaeae Nagaraja and Nagarkatti to
control the South American tomato moth, Tuta absoluta (Meyrick) (Lep.: Gelechiidae)
(Cabello et al. 2012, Oliveira et al. 2017).

N. tenuis is an omnivorous predator (Sanchez 2008), and 7. achaeae is a parasitoid
species that attacks lepidopteran eggs (Cabello et al. 2009, Polaszek et al. 2012). Thus,
for tomato crops in greenhouses, an important intraguild predation (IGP), exists with N.
tenuis as the IG-predator and immature stages of 7. achaeae, inside the host eggs, as the
IG-prey (Cabello et al. 2015). It should be noted that the use of different
entomophagous species in greenhouse biological control programmes is relatively
common (Vila and Cabello 2014). This can lead to direct or indirect interactions such as
apparent competition, IGP and resource competition (Janssen et al., 1988). These
interactions can have a global impact on the efficiency of biological control agents
(Yano 2015, Messelink et al. 2013). Interest in these interactions has resulted in a
significant amount of both theoretical and applied research. However, studies that show
the impact of IGP in biological control are limited (Janssen et al. 1988, Rosenheim and
Harmon 2006).

Evaluation of the efficiency of biological control agents, - in IGP conditions-, is
difficult. Dynamic mathematical Lotka-Volterra type models have been proposed and
used for this purpose (Holt and Polis 1997, Berryman 2004, Varga et al. 2010, Gallego
et al. 2013).

The objective of this study was to find a continuous-time dynamic model, to describe
the effects of different tomato cultivars on a one predator-two prey model.

Mathematical models applied to natural enemies have developed extensively over (the
past 90 years), from primarily theoretical works, to more recent applied practices
(Hawkins and Cornell, 2004).

This objective is being realized in collaboration with industrial producers of biological
agents, since both the selection and use of the agent are relevant to applications by
farmers and agronomists.

2. Material and Methods

2.1. Biological material

T. achaeae were reared at the Applied Entomology Laboratory at the University of
Almeria (Spain) for 20 generations before the trial. This species was reared using the
factitious host Ephestia kuehniella Zeller (Lep.: Pyralidae) in plastic containers (1 litre)
following the methodology used by Cabello (1985). For that purpose, 12,500 E.
kuehniella eggs (irradiated with ultraviolet light) were added to a piece of cardboard (13
x 10.5 cm) and placed in each container. Later, parasitoid adults at a ratio of 1:4 were
introduced. The environmental conditions for the growth of the parasitoid were 25+1°C,
at 60-80% relative humidity (RH) with a photoperiod 16:9h (L:D). N. tenuis adults were
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provided by Nesicontrol ® (Agrobio, La Mojonera, Almeria, Spain). The E. kuehniella
irradiated eggs were provided by Biotop (Valbonne, France). The eggs were refrigerated
at 7°C to preserve them, until their use for both rearing the parasitoids and the
greenhouse trial. Finally, B. tabaci adults were provided, by Koppert Biological
Systems S.L. (Aguilas, Murcia, Spain).

2.2. Experimental design

The experiment was designed random complete blocks with four repetitions and one
factor (tomato cultivar) as the treatment (to 10 levels).

The trial was conducted from April to June 2015 in an experimental multitunnel
greenhouse, with a 4,896 m” surface area in the TECNOVA Technology Centre (Viator,
Almeria, Spain). Four isolated modules (15 x 8 m) were built in the greenhouse using
plastic film (1.0 x 0.5 mm). Each of these modules corresponded to one blocks in the
trial design. Each module was divided into 10 plots (12m?%). On April 7" | 18 of the
following seedling cultivars were transplanted into each plots: Bronco®, and
Pasadena® (Ramiro Arnedo S.A., Almeria, Spain); Creativo®, and Genio® (Hm.Clause
Ibérica S.A., Almeria, Spain); Montenegro®, and Ramyle ® (Rijk Zwaan Ibérica S.A,
Almeria, Spain); Byelsa® (Semillas Fitd6 S.A., Almeria, Spain); Caniles® (Zeraim
Ibérica S.A., Almeria, Spain); Rebelion® (Vilmorin Ibérica S.A., Almeria, Spain) ; and
Vernal® (Enza Zaden Investigation Centre S.L.U). Commercial crop management was
used in the area, with an exception where no pesticide treatment was used.

All plots were artificially infested with the pest species, B. tabaci, on April 8" (1 day
after transplanting, DAT) and AprillSth (8 DAT), at a dose of 30 adults/m”. The natural
enemies were released as follows: one release of N. fenuis on April 23™ (16 DAT) at a
dose of 4 adults/m?, and 4 releases of the parasitoid 7. achaeae 241 parasitized eggs/m*
every fifteen days, beginning on April 14" (17 DAT).

2.3. Sampling

Sampling was conducted every two weeks, a total of 5 times, beginning May gh (31
DDT) for the pest species B. tabaci (nymph stage) and for the predator species N. tenuis
(adult stage). For this purpose 4 plants were randomly chosen and the 10 last apical
leaves of each plant were visually examined, for the number of pest species nymphs and
predator adults. The 4 randomly chosen plants in each block and plot were used in
subsequent samplings. The parasitoid 7. achaeae was evaluated through the sentinel
eggs method. To accomplish this, 4 cardboard pieces were placed in each block and
plot, using the same plants sampled for N. tenuis and B. tabaci, to which we had added
approximately 200 irradiated E. kuehniella eggs. This sampling was also conducted
every two weeks, a total of 4 times, starting on May 7™ (30 DAT). The eggs were
exposed for 7 days in the greenhouse. They were later taken to the laboratory, and
preserved at 25°C for an additional 7 days prior to quantification of eggs parasitized by
T. achaeae. The phenological development of the plants during the trial period was also
evaluated.

2.4.Data Analysis

The number of B. tabaci nymphs, N. tenuis adults, and parasitized eggs for each
sampling event were initially expressed in square metre values. Later, those data were
expressed as insect-day accumulated values (IDA). This index, proposed by Ruppel
(1983), was applied to evaluate the total impact of pests at a given period of time. IDA



data were analysed with GLM univariate analysis for the cultivar factor. Analyses were
conducted using IBM SPSS 23 statistical software (IBM 2014).

2.5. Mathematical model

Figure.- 1 shows the network interactions used in our model according to the
nomenclature applied by Mill (2006). Its mathematical expression is shown below:

Pest species x,'= xl(ml —ax ) -x3)
Parasitoid species X,'= X, (my =y, X;) (1)
Predator species X;'= X5 (— ms+y,-x +7, -xz),

where x;, x,, and x3 are the densities (number / m?) of pest (phytophagous), parasitoid
and predator species, respectively. According to the terminology of Abrams (2012), m;
is the intrinsic growth rate of the pest (prey 1); m; is the increase rate of the parasitoid
species (prey 2), due to the intrinsic growth rate and releasing rate; ms is the death rate
of the predator in the absence of prey; a is the coefficient of intraspecific competition
for pest species; y; and y, are the slopes of the predator’s functional response when they

kill the pest species (prey 1) and the parasitoid species (prey 2), respectively; and ,
and y,are the slopes of the predator’s numerical response when they kill and eat the
pest species (prey 1) or the parasitoid species (prey 2), respectively.

Figure 1. Network of interactions considered in the
model phytofagous — parasitoid — predator (P = \/A‘
pest Bemisia tabaci; T = parasitoid Trichogramma

achaeae and N = predator Nesidiocoris tenuis); the

linking arrows show benefits (+) and losses (-).

Using the statistical software SIMFIT version 2017 (Bardsley 2017), the system of
equations (1) was fitted to the data corresponding to the number of N. tenuis adults , B.
tabaci nymphs , and immature stages of 7. achaeae per square metre in each sampling
event for the three variables used: Byelsa, Caniles and Rebelion.

2.6. Optimal control of the system

Based on (1), we consider the control system

xl(ml —a-xX =) 'x3)
x'= F(x),X,,%;5,u) = x,(my, =y, x;)tu )

xs(_m3+771'x1+772'x2)



where control function u describes the time-dependent rate of release of parasitoids,
realizing that the biological control of the pest 7. absoluta is not considered in this
model. Fix a time interval [#,, #,], and for each £>0, let U_[¢,,¢,] be the set of piece-wise

constant, & -small controls 0<u(f)<¢ (te[t,,1,]).

In order to keep the pest above a level K, minimizing the total release of agent, we have
to solve the following optimal control problem:

5]
Y(u)= Icu(t)dt — min,
n

u eUg[tl:tZ] 5
x:F(xl>x2:x3:u29u3)a x(O):xoa (2)

g(x,(1,x,(0),x,(0) 20 (te[t,5]),

where function g(x,,x,,x;)=x,—K measures the level of the parasitoid, in comparison to

a threshold value, below which the parasitoid .cannot control the pest 7. absoluta. For
the solution, the toolbox developed for MatLab by Banga et al. (2005) and Hirmajer et
al. (2009) was applied.

3. Results

3.1. Effects of cultivars on populations of the three species

The cultivar was observed to have a significant effect on the N. tenuis predator’s IDA
for the pest species B. tabaci and the parasitoid species T. achaeae (F = 6.268, df =
9/150, P < 0.01; F = 8.589, df = 9/150, P < 0.01; F = 8.263, df = 9/150, P < 0.01,
respectively) (Figure 2). In Figure 2A, all the predator IDA values were relatively high
and didn’t differ significantly, except for the cultivar Rebelion. The pest species had the
lowest IDA values (Figure 2B) for the following three cultivars: Ramyle, Byelsa and
Pasadena. Meanwhile, cultivar Rebelion showed the highest incidence of the pest
species, and the remaining cultivars had intermediate IDA values. Finally, Figure 2C
shows that the cultivar Byelsa exhibited the lowest incidence of the immature stages of
the parasitoid, whose values differed significantly from those corresponding to the
Bronco, Rebelion and Caniles cultivars.



Figure 2: Averages of insect-day accumulated (IDA) for Nesidiocoris tenuis adults (A),
Bemisia tabaci nymphs (B), and immature stages of Trichogramma achaeae (C) in
greenhouse tomato crops by cultivar (whiskers represent SE).
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3.2. Population dynamic models

From the 10 cultivars previously evaluated, we selected Byelsa and Rebelion, which
exhibited more extreme values of incidence regarding phytophagous species, predator,
and parasitoid, and Caniles, a cultivar with an intermediate value.

Mathematical model (1) was well-fitted to the data for cultivars Byelsa and Caniles, but
not to Rebelion, as shown in the corresponding curves in Figure 3. From this, we can
conclude that the plants corresponding to the cultivar Rebelion presented a very low
predator incidence, indicating that it had some impact on the pest species population,
but not on the parasitoid population.

Caniles (Figure 3B) has very similar values to those of Byelsa and fits the model.
However, the population of T. achaeae decreases due to intraguild predation before the
value of B. tabaci (prey 1) declines

Finally, Rebelion could not be adjusted to our model. In this case, the predator
population was very small, thus there was no effect on the 7. achaeae population.



Figure 3: Densities obtained from the fitted model: prey species = Bemisia tabaci
(nymph stage), parasitoid species = Trichogramma achaeae, and predatory species =

Nesidiocoris tenuis, in greenhouse tomato crop for the cultivars: Byelsa (A), Caniles
(B), and Rebelion (C).
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Table 1: Fitting of the two-prey- one-predator model to the data of greenhouse tomato
crop data for Byelsa and Caniles cultivars.

10.0

Fitting parameters (average + SE) Statistical parameters
Cultivar — —
m; m, ms a Vi 72 7 7> d.f. e P
1.785 2.222 710°* 0.224 1.318 1.811 0.131 2107
Byelsa (#0.166) | (£0.15) | (20.256) | (20.04) | (*0.214) | (*0.439) | (£0.011) (#0.211) 1310976 1 <0.05
. 1.605 3.584 7107 0.178 1.602 8.654 0.097 0.120
Caniles (+0.140) | (#0.284) | (£0.164) | (£0.032) | (20.293) | (+1.841) | (+0.011) (0.049) 13109521 <0.05

3.3. Solution of the optimal control problem

Based on the previous results, we conclude that the predator N. tenuis (adult stage) is
necessary for the control of the pest species B. tabaci (nymph stage), but has adverse
side effects on the immature stages of the parasitoid 7. achaeae used for the control of a
different pest species, 7. absoluta, not considered in the model. From a theoretical point
of view, we had the following question: How should the release rate of the parasitoid
increase to maintain sufficient control of the pest 7. absoluta? For that purpose, and
based on previously published studies (e.g., Cabello et al. 2012, 2015), we determined
that an appropriate density of parasitoids (immature stages) within crop plots was 100
individuals per square metre. Values lower than this density can cause damage due to
the pest species 7. absoluta (Figure 4A). The results (Figure 4B) show that, to maintain
the aforementioned threshold value, it is necessary to carry out 7 additional releases in
the crop cycle, for an overall density of 80 specimens/m?2.
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Figure 4: For[¢,¢,]=[4,10], the optimal trajectory (A) and control of the problem (B)

for the two-prey-one-predator model using greenhouse tomato crop data for the Byelsa
cultivar.
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3.4. Stable coexistence of the population system. A theoretical point of view

As outlined in the previous section, for the considered species, an optimal release of the
parasitoid can be obtained by solving an optimal control problem, which also guarantees
that the parasitoid population remains above a desired level. Nevertheless, if there is a
stable coexistence (i.e., an asymptotically stable positive equilibrium) and the
equilibrium value of the parasitoid, X, , is greater than the given threshold K, the
desired level can be asymptotically reached without any further release. If the

convergence is rapid enough, X,(#)> K can be reached very quickly, as shown in
Figure 5 obtained with illustrative parameter values.

First, we find a necessary and sufficient condition for the existence of a positive
equilibrium of system (1). To this end, we define function f: R’ — R’,

xl(ml —asx =7 -x3)
S (x),%5,%3) = X, (my =y, X3)

x3(—m3+]71-x1+}72-x2)



* 3 oqe . . . .
Then, a nonzero vector x € R° represents equilibrium for the considered dynamics if

and only if f(x")=0. The unique solution of this equation is easily obtained:

My, —myy,
xl =

ay,

Y= myay, =y, (my, —my,)
2= —
ay,y,

2

. m,
Xy =—

e
Thus, a necessary and sufficient condition for x >0 is

m;ay,

>myy, —myy, >0 (3)

7
To analyse the stability of system (1), we calculate the Jacobian
- oo, 0 —7x
A=f'GD= 0 0 -y
7 1x; 72X ; 0
the characteristic polynomial of which is

2w} 2+ (17,50 + 72700 A + @y 7x  xixs = 0

Hence, by the Routh-Hurwitz criterion (see, e.g., Chen et al., 2004), for the asymptotic
stability of equilibrium x” it is enough to see that

OX\\Y V1 Xy T VoYX, X3 > Y ), X Xy X5,

which always holds whenever equilibrium x" is positive. We can conclude that
condition (3) implies stable coexistence in the pest-parasitoid-predator system (1).

It is easy to confirm that for the parameter values obtained in Table 1, the sufficient
conditions (3) for the stable coexistence are not satisfied. Nevertheless, the following
example shows that the pest-parasitoid-predator system (1) with appropriate biological
parameters display stable coexistence, and the parasitoid density even without control
reaches the required density rather quickly.

Example. Consider the parameter system m;=1.54; m,=1.73; m3 =0.1; a = 0.23; y, =
1.14; y, = 1.39;7, = 0.16 and y, = 0.02. A simple calculation shows that these
parameters satisfy condition (3), therefore, system (1) has an asymptotically stable
equilibrium x" =(0.527,0.797,1.245) . The Jacobian



-012 0 -06
A=1'(x)=| 0 0 -1.09
02 002 0

has eigenvalues A; =-0.0492 + 0.3770i, A, = -0.0492 - 0.3770i, and A3 = -0.0228, all with
negative real parts. Thus, the solutions tend towards a positive equilibrium, as
demonstrated by the simulation results plotted in Figure 5. Setting K = 0.6, we can see
that parasitoid density x,(r) exceeds the threshold K.

Figure 5: Solution of system (1) with initial value x(0) =(0.7,0.4,1.0), and exceeding
the threshold value K=0.6 from time ¢,.
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4. Discussion

Plants have developed different defence mechanisms against the phytophagous
organisms that prey on them (e.g., Smith 2005). However, this also has an impact on
subsequent trophic levels, such as entomophagous predators and parasitoids (e.g., Price
et al. 1980). All of this is related to the different botanical species and their effects on
both phytophagous and entomophagous organisms. However, few studies have
investigated the differences among different cultivars from the same botanical species.
Variations between cultivars can play an important role in the activity and efficiency of
entomophagous agents (Bergman and Tingey 1979) as discussed by Bottrell et. al
(1998), though questions remain, especially with respect to multitrophic effects
involving complex interactions.

Our results demonstrating the effects of tomato cultivars on biological activity,
especially on N. tenuis and, to a lesser extent, on 7. achaeae, are supported by previous
studies (e.g., Cabello et al. 2012, Vila et al. 2012). Thus, our results corroborate these
findings.

Additionally, mathematical models similar to those shown here have been used to
evaluate the efficacies of different species of Trichogramma in greenhouse tomatoes
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(e.g., Gallego et al., 2013). This demonstrates the commercial usefulness of these
mathematical models in the biological control of pest species.

< Notably, the studies carried out to elucidate the IGP in greenhouse tomato crops with
a two-prey-one-predator model, specifically with the species N. tenuis, T. achaeae and
T. absoluta, reveal the detrimental effects of the predator on the activity of the
parasitoid and its resulting control of the pest prey 7. absoluta (Gallego et al., 2013).
The innovation of the present results is that they highlight that when the predator
N.tenuis is used for the biological control on a pest species B. tabaci, different from the
one than controls biologically T.achaeae, these detrimental effects are also produced.

Our results are unique because they modify existing models to study the varietal effects
of both natural enemies. These effects can determine the efficiency of the generalist
programmes of biological control at a practical level.

Further, this mathematical approach makes it possible to minimize the cost of applying
agents, emphasizing the importance of the proposed optimal control model in integrated
pest management (IPM) and/or biological control programmes.

5. Conclusion

The impact and efficiency of biological control programmes on pest species in
greenhouse crops, in which various natural enemies are used during the crop cycle, can
be influenced by the use of cultivars.

The optimal control model introduced here contributes to the methodological
development of the biological control of pests in greenhouse crops.

This mathematical approach also makes it possible to minimize the cost of the
application of agents, demonstrating the importance of the proposed optimal control
model in integrated pest management (IPM).

Based on previous studies, this is the first example of a mathematical model based on an
experiment that represents to this type of intraguild predation (IGP).
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