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Abstract 

A deterministic model was developed to simulate population growth of the agromyzid fly Lirio- 
myza bryoniae and the parasitoid Diglyphus isaea. The model has two driving variables, 
ambient temperature and leaf nitrogen content of the tomato plant. Results of a glasshouse 
experiment were used to validate the model. The timing of successive generations of leafminers 
was simulated accurately over four generations. Population growth of leafminers was correctly 
simulated during the first two generations, but overestimated in the third generation. Mortality 
of leafminers due to parasitism was overestimated in the first generation after introduction of 
parasitoids: 73% instead of the observed 30%. A nearly 100% mortality of leafminers was 
correctly simulated in the second generation after introduction of parasitoids. Sensitivity 
analysis was performed for three types of variables: (1) driving variables, temperature and leaf 
nitrogen content; (2) parasitoid traits, searching efficiency and allocation of attacks to host 
feeding and oviposition, and (3) introduction strategies for biological control, timing, number 
of releases and number of parasitoids per release. Population growth was sensitive to tempera- 
ture, leaf nitrogen content, searching efficiency of parasitoids and numbers of parasitoids 
released. 

Additional keywords: Liriomyza bryoniae, Diglyphus isaea, simulation model, biological 
control, parasitoid-host interactions. 

Introduction 

The agromyzid fly Liriomyza bryoniae (Kaltenbach) is an important  pest in European 
greenhouses (Minkenberg & Van Lenteren, 1986). The larvae, leafminers, feed in the 
mesophyll tissue of  various vegetables and may thereby reduce quality and yield 
(Spencer, 1973). Several parasitoids have been evaluated for seasonal inoculative 
releases on greenhouse tomatoes and a biological control method has been developed 
(reviewed in Minkenberg & Van Lenteren, 1986). 

Most biological control agents are found by trial and error (Van Lenteren, 1986). 
Explanation of  the effectiveness of  an agent often happens in hindsight. To help in 
the development of  insight on the selection criteria for biological control agents, a 
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population dynamical model was developed, thus bridging the gap between results 
from field introductions and data from detailed laboratory studies on the life history 
of L. bryoniae and their ectoparasitoid Diglyphus isaea on tomato. Heinz et al. (1990) 
recently presented a simulation model for another leafminer pest, Liriomyza trifolii. 

Methods 

The model was constructed using general simulation principles in crop protection 
(Rabbinge, 1976; Rabbinge et al., 1989). 

Driving variables. The model has two driving variables, ambient temperature and 
leaf nitrogen content of the plant. Temperature affects almost all biological processes 
in the model, such as immature development, immature mortality, female longevity 
and reproduction (Fig. 1A, B, C, E, F; Minkenberg & Helderman, 1990; Minkenberg, 
1989). Leaf nitrogen content affects only a few life history parameters of the host: at 
higher nitrogen levels the duration of immature development and immature mortality 
are decreased, whereas female longevity and fecundity are increased (Fig. 1D). Effects 
of leaf nitrogen content on life history parameters were inferred from a study on L. 
trifolii, a species closely resembling L. bryoniae (Minkenberg & Ottenheim, 1990). No 
other interaction between leafminers and their host plant, which is regarded as a 
constant source of food, is modelled. The two driving variables are assumed to act 
instantaneously and independently. 

Development, ageing and reproduction of  L. bryoniae. Development of each leaf- 
miner instar is modelled using a boxcar train method, in which relative dispersion of 
development time per instar is temperature dependent (De Wit & Goudriaan, 1978; 
Goudriaan & Van Roermund, 1989). Immature mortality is considered proportional 
to thc actual number of individuals and is represented by a relative mortality rate per 
instar. Mortality and reproduction of females strongly depend on age. Ageing of 
females is modelled using a boxcar train method without dispersion (De Wit & 
Goudriaan, 1978; Goudriaan & Van Roermund, 1989): females are represented by ten 
age classes, each representing one tenth of the maximum longevity. Maximum longe- 
vity is defined as the average longevity plus three times its standard deviation, which 
is a good estimate when average longevity is normally distributed. In the model, the 
relative mortality rate and relative reproduction rate vary between classes, but are 
constant within each class. Relative reproduction rates per class are derived from the 
relation between age and reproduction (Fig. 1F). Relative mortality rates per class are 
calculated by treating survival curves as dose-response relations, where dose is age 
(days) and response is death (Clark, 1987). Average longevity of females could be 
described by a normal distribution and therefore the relative mortality rate for each 
class is calculated using the normal probability density function; see Appendix. 

Development, ageing and reproduction of  D. isaea. To model development, ageing 
and reproduction of parasitoids the same methods are used as described for the host, 
except for interactions between leafminers and parasitoids. The rate of successful 
attacks of parasitoids, i.e. resulting in oviposition or host feeding, is calculated with 
a 'type 2' functional response (Holling, 1959). 
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RATT = A �9 DENS �9 RMAX/(A �9 DENS + RMAX) 

where, RATT = Per capita rate of successful attacks (larvae/day), A = Searching effi- 
ciency (plants/day), DENS = Density of larvae (larvae/plant), RMAX = Per capita 
maximum rate of successful attacks (larvae/day; Fig. 1E). 

An accurate estimate of the searching efficiency is not available. The order of 
magnitude was estimated to be one plant per day, based on estimates of the rate of 
successful attacks (RATT), density of larvae (DENS) and the maximum rate of 
successful attacks (RMAX). Host feeding results in mortality of the host, whereas 
oviposition results in mortality of the host and in reproduction of the parasitoid. 
Therefore, successful attacks are divided into oviposition and host feeding using a 
fixed oviposition proportion of 0.65, as laboratory experiments showed that 50% to 
75% of the successful attacks concerned oviposition (Minkenberg, 1989). First instars 
of the leaf miners are used for host feeding only and not for oviposition. Consequently, 
the average probability of successful attacks in the host population allocated to ovi- 
position falls below 0.65 when first instars are abundant. 

Validation of  the model. Results of a glasshouse experiment conducted by 
Westerman & Minkenberg (1986) were used to validate the model. A small glasshouse 
was planted with 390 tomato plants and infested with 30 third instar larvae of 
L. bryoniae. About 200 female parasitoids, D. isaea, were introduced as soon as the 
first leafminers of the third generation appeared. Temperature was recorded every 
hour, but leaf nitrogen content of the plants was not determined. A value of 6% (dry 
weight) was used in the model, which yields the temperature dependant life history 
variables found by Minkenberg & Helderman (1990; Fig. 1D). Westerman & Minken- 
berg (1986) counted falling pupae of L. bryoniae under one tenth of the plants using 
nets. Their data indicate at which moment consecutive host generations are present. 
Net reproduction of L. bryoniae (new mines/mine per generation), derived from mine 
counts and corrected for parasitism, was used to validate population growth of leaf- 
miners. 

Results 

Validation of  the model in absence of  parasitoids. Peak numbers of observed pupa- 
tions per day were found at day 44, day 71, 107, 135 in the first, second, third and 
fourth generation of L. bryoniae, respectively. Peak numbers of simulated pupations 
were on day 41, 73, 104 and 136, respectively (Fig. 2). Thus the timing of generations 
was correctly simulated. During the first two generations, observed and simulated net 
reproduction were similar, with 59 and 54 new mines/mine in the first, and 33 and 33 
new mines/mine in the second generation, respectively. The observed net reproduction 
in the third generation was 13, which was lower than the simulated 33 new mines/mine. 

Validation of  the model in presence of  parasitoids. Direct validation of the parasi- 
toid part of the model was not possible, as parasitoid counts had not been made. For 
indirect validation the number of host pupated per day could be used (Fig. 2), but 
Westerman & Minkenberg (1986) found pupal sampling to be unreliable as a measure 
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Fig. 1. Input relations of the model. 
(A). Development rate of immature D. isaea (parasitoid) and L. bryoniae eggs (egg), first 
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instar larvae (L1), second instar larvae (L2), third instar larvae (L3) and pupae (pupa), as a 
function of temperature. 
(B). Relative mortality rate of immature D. isaea (parasitoid) and L. bryoniae eggs (egg), first 
instar larvae (L1), second instar larvae (L2), third instar larvae (L3) and pupae (pupa), as a 
function of  temperature. 
(C). Average longevity and its standard deviation of  femaleD, isaea(parasitoidlongevity; s.d. 
of parasitoid longevity) and female L. bryoniae (host longevity; s.d. of host longevity) as a 
function of temperature. 
(D). Factor by which the development rate of immature stages (development), the relative 
mortality rate of larval stages (mortality), the average longevity and its standard deviation of 
females (longevity), and the relative reproduction rates of females (reproduction) of L. bryo- 
niae are multiplied, as a function of leaf nitrogen content. 
(E). Maximum rate of successful attacks per female D. isaea at 15 ~ 20 ~ and 25 ~ as a 
function of age. 
(F). Relative reproduction rate ofL.  bryoniae at 15 ~ 20 ~ and 25 ~ as a function of age. 

o f  popula t ion  growth. Therefore observed mortal i ty  o f  leafminers due to parasitism 
was used. Both  observed and simulated mortal i ty  o f  leafminers were almost  10007o in 
the second generation after introduct ion (99~ and 100070, repectively) but observed 
mortal i ty  was lower than simulated in the first generation after introduct ion (30~ and 
73 %, respectively). 

Sensitivity analysis. Sensitivity analysis shows which parameters are impor tant  in 
the popula t ion  dynamics  o f  a system, even though  validation o f  the model  is still 
incomplete. The effect o f  driving variables, parasitoid traits and introduct ion strate- 
gies on model  ou tpu t  were evaluated. 
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Fig. 2. Number of  L. bryoniae pupated per day observed (Westerman & Minkenberg, 1986) 
and simulated (with and without introduction of parasitoids). Time 0 corresponds with 8 
February 1986 in their study. Simulation was started at time is 0 with 30 third instar leafminers 
with temperatures as measured in the glasshouse and with leaf nitrogen content set at 6~ of 
dry weight. 200 parasitoids were introduced at time is 61 (arrow). 
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Table 1. Effect of temperature (~ on simulated cumulative number of mines after 150 days, 
net reproduction (no. of new mines/mine per generation) and generation time (days) of a L. 
bryoniae population. The model was initialized with 100 eggs, temperature was given as a daily 
fluctuating sinusoidal function with an amplitude of 5 ~ and leaf nitrogen content was set at 
6~ of dry weight. 

Average Cum. no. Net Generation 
temperature of mines reproduction time 
(~ 

18 1.3 x 108 36.9 37 
19 7.4 x 108 44.4 35 
20 1.1 x 101~ 50.8 31 
21 3.9 x 101~ 54.0 29 
22 2.4 • 1011 54.1 27 

Table 2. Effect of leaf nitrogen (% dry weight) on simulated cumulative number of mines after 
150 days, net reproduction (no. of new mines/mine per generation) and generation time (days) 
of a L. bryoniae population. The model was initialized with 100 eggs and temperature was given 
as a daily fluctuating sinusoidal function with an average temperature of 20 ~ and an ampli- 
tude of 5 ~ 

% leaf Cure. no. Net Generation 
nitrogen of mines reproduction time 

3 4.3 x 105 6.7 34 
4 2.2 • 1 0  7 15.8 33 
5 1.5 X 10 9 36.0 32 
6 1.1 • 10 ~~ 50.8 31 

Changes in driving variables. Increase in temperature strongly affects population 
growth of leafminers, due to a larger net reproduction and a shorter generation time 
(Table 1). The cumulative number of mines after 150 days at 22 ~ is 1800 times the 
number at 18 ~ Differences of 1-2% in leaf nitrogen content, which are often found, 
affect population growth of leafminers also strongly, primarily by effects on net repro- 
duction (Table 2). Generation time is only slightly affected by leaf nitrogen content, 
as faster larval development goes with prolongation of female longevity at higher 
nitrogen levels. 

Changes in parasitoid traits. Sensitivity analysis of the searching efficiency of parasi- 
toids was done using the same temperatures as measured in the glasshouse experiment 
(Fig. 3A). 200 female parasitoids were introduced at day 61 and leafminer density had 
reached ca. five mines per plant at that time. When the assumed searching efficiency 
of 1.0 plant/day was lowered to 0.5 plant/day, part of the leafminers escaped parasi- 
tism in the second generation after parasitoid introduction. In the simulation escape 
from parasitism in the third generation after parasitoid introduction was not found. 
208 Neth. J. Pl. Path. 98 (1992) 
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Fig. 3. Simulated number ofL. bryoniae pupated per day. The model was initialised with 30 
third instars, temperatures were as measured in the glasshouse experiment, total leaf nitrogen 
content was set at 6% of dry weight and 200 female parasitoids were introduced (arrows). 
(A). With searching efficiency (A) of D. isaea of 0.25, 0.5, 1.0 and 2.0 p/ants/day. 
(B). With probability of successful attacks allocateO to oviposition (P) of 0.50, 0.65, 0.75 and 1. 
(C). With number of introduced female D. isaea (I) of 50, 100, 200 and 400 parasitoids. 
(D). With time of introduction ofD. isaea (T) on day 55, day 59, day 61, day 63 and on day 67. 

Sensitivity to the percentage of  attacks allocated to oviposition was low (Fig. 3B), 
probably because it only affects the number of  parasitoids in the next generation and 
because total control was quickly achieved. 

Changes in introduction strategies. Escape from parasitism is affected by the 
number of  parasitoids introduced. According to the simulation model introduction 
with 200 female parasitoids into the experimental glasshouse was required, to prevent 
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Table 3. Simulated cumulative number of mines of a L. bryoniae population after total 
control* by parasitoids; 200 parasitoids were introduced simultaneously at day 61 or divided 
over 1 week intervals. 

Introduction scheme 

200 at day 61 
100 at day 54 and 100 at day 61 
100 at day 61 and 100 at day 68 
67 at day 54, day 61 and day 68 
67 at day 61, day 68 and day 75 

Cum. no. of mines 

0.60 • 10  6 

1.04 • 10  6 

1.91 • 10 6 

5.17 • 10  6 

8.35 • 106 

* In the simulation, introduction of parasitoids leads to extinction of leafminers within 3 gene- 
rations. 

part of  the leafminers from escaping parasitism in the second generation following the 
release (Fig. 3C). Introduction of  200 females was equivalent to ca. one female parasi- 
toid per ten mines. As long as parasitoids were introduced before most leafminers had 
pupated, time of  introduction was not very critical (Fig. 3D). 

Introducing parasitoids only once provided a slightly better control than the 
schemes with weekly introductions (Table 3). Leafminer generations were still distinct 
at the time of introduction, both in the experiment and in simulations. Because 
suitable instars for parasitism were present for only a short period, repeated introduc- 
tions did not enhance control. 

Discussion 

Timing of generations of leafminers and population growth in the first two genera- 
tions were correctly simulated. Population growth was overestimated in the third gene- 
ration. Host  plant quality is probably not constant during the season, as assumed in 
the model, and may have affected population growth, for instance through changing 
levels of leaf nitrogen content (Minkenberg & Ottenheim, 1990) and secondary plant 
compounds. Effects of  leaf nitrogen content could not be validated, but sensitivity 
analysis showed that leaf nitrogen content can be important.  The relation between 
population growth and leaf nitrogen content should be treated carefully, however, 
because it was inferred from a study on the effects of host plant quality on L. trifolii, 
a species closely resembling L. bryoniae (Minkenberg & Ottenheim, 1990). Population 
growth was also sensitive to temperature, searching efficiency of parasitoids and 
number of parasitoids released. 

Simulation of parasitism with only a few variables, as is done here, is attractive for 
its simplicity. However, these variables depend on many underlying processes, which 
are neglected in this model. For example, different responses of  parasitoids to the three 
different instars of leafminers attacked (Hassell et al., 1976), emigration of parasitoids 
and a variable sex ratio of parasitoids (Charnov et al., 1981; Reeve, 1987; Heinz & 
Parrella, 1990) may be important. Interaction between parasitoids is also an important 
phenomenon, as encounters between parasitoids may decrease their searching effi- 
ciency (Hassell, 1971; Hassell et al., 1976). Encounters with already parasitized hosts 
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may have a similar effect. Moreover, interaction between leafminers and parasitoids 
may be affected by superparasitism and host feeding on parasitized hosts. Such inter- 
actions could easily occur in this parasitoid-host system, since parasitism was very 
high within a few generations. Thus, the actual interactions between leafminers and 
parasitoids and the mutual interactions between parasitoids are largely unknown. This 
does not preclude simulation, however, as long as an equation of  the functional 
response can be reliably described from experimental results. Another possibility is to 
develop a detailed model at the level of the individual, which explicitly simulates the 
interactive processes between hosts and parasitoids. Such a model based on principles 
of behaviour, could be used to derive simplified relations for the parasitoid-host inter- 
actions, which could be used in a population model instead of  the analytical function 
for functional response. 

The present model shows, based on life history parameters found in laboratory 
studies, that seasonal inoculative releases of D. isaea might be successfully used 
against L. bryoniae. 

Appendix 

Mortality in a group of  females having the same age t, can be calculated using the 
normal probability density function: 

Mort(t)  = IFEM , 1 / a ,  (2 , ~r) -o.5 , e-~ L(t - #~12 

where, t = age (days), Mort(t)  = Mortality rate (females/day), t~ = Average longevity 
(days), a = Standard deviation of  the average longevity (days), IFEM = Initial 
number of  females in the age group. 

The relative mortality rate, rmr(t),  can be calculated as the absolute mortality rate, 
Mort(t) ,  divided by the number of females left, i.e. IFEM minus the integral of  the 
probability density function for a normal distribution: 

t 
t ~  

FEM = IFEM - IFEM , ~ 1 / a ,  (2 , ~r) -o.5 , e -0.s ,[(t - ~ ) / a ]  2 

d 
0 

Mort(t)  
rmr(t) - 

FEM 

FEM = Number of females left, rmr(t) = Relative mortality rate (1/day). 

Thus, rmr(t)  only depends on the average longevity ~, its standard deviation a and age 
t, and is used to calculate the actual mortality of females present in the age classes. 
For each class of  females the median age is used to calculate the relative mortality rate 
in it. 
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