BioLoGICAL CONTROL—PARASITOIDS AND PREDATORS

Spatial Patterns of Parasitism of the Solitary Parasitoid
Pseudapanteles dignus (Hymenoptera: Braconidae) on
Tuta absoluta (Lepidoptera: Gelechiidae)

NORMA E. SANCHEZ,' PATRICIA C. PEREYRA, aNp MARIA G. LUNA
CEPAVE (CCT-La Plata-CONICET-UNLP), Calle 2, No. 584, 1900 La Plata, Argentina

Environ. Entomol. 38(2): 365-374 (2009)

ABSTRACT We examined the interaction between the tomato leafminer, Tuta absoluta (Meyrick)
(Lepidoptera: Gelechiidae), a key pest of tomato crops in South America, and its main solitary larval
parasitoid, Pseudapanteles dignus (Muesebeck) (Hymenoptera: Braconidae). The pattern of parasit-
ism of T. absoluta by the parasitoid was studied at three scales on tomato crops: plant, leaf, and leaflet.
Host density, spatial distributions of both host and parasitoid, percentages of parasitism, variation in
the probability and risk of parasitism in relation to host density, and the spatial density dependence
were assessed in a horticultural region in Argentina. The spatial distribution of T. absoluta was clumped
at all sites and scales, whereas that of P. dignus was much more variable, fitting to negative, positive
binomial distributions and to Poisson series. Percentages of parasitism were as follows: site 1, 17.06%;
site 2, 27.53%; site 3, 26.47%; site 4, 45.95%. Parasitoid aggregation in relation to host density was found
at leaf and leaflet scales. However, the proportion of parasitized hosts was independent of host density.
The variability of parasitism rates exhibited at the three spatial scales seems to result in partial refuges
for the host, which might contribute to the persistence of the interaction between host and parasitoid.
We discuss our field observations in relation to ecological theory and its potential application to the
biological control of T. absoluta on tomato.
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One of the hypotheses in biological control is that
effective natural enemies will contribute to a stable
and reduced pest density (Bellows and van Driesche
1999). For parasitoids, theoretical and empirical re-
search carried out in laboratory experiments and nat-
ural settings have dealt with evaluating ecological at-
tributes that make them effective natural enemies of
pests (Hassell 2000). Among those attributes is the
spatial aggregation or nonrandom search by parasi-
toids in response to patchy distributions of hosts, re-
sulting in the phenomenon that females spend more
time and/or concentrate in areas where hosts are
more abundant. Based in theoretical models, many
authors assumed that an aggregative response would
increase efficiency in parasitoid foraging and would
lead to a direct density-dependent parasitism, a pow-
erful trait for a successful biological control agent
because of its potential to regulate the host population
(Hassell and May 1973, 1974; Murdoch and Oaten
1975; Heads and Lawton 1983). However, Reeve and
Murdoch (1985), in the California red scale-Aphytis
melinus system, concluded that spatial aggregation of
parasitism in response to local host density is not a
necessary condition for stability or for a successful
biological control. Subsequent studies indicated that
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inverse density-dependent and density-independent
patterns of parasitism may also be potential stabilizing
mechanisms if the distribution of parasitism is suffi-
ciently aggregated (Walde and Murdoch 1988, Pacala
and Hassell 1991, Hassell 2000, van Veen et al. 2002).

The variation in risk of parasitism between individ-
uals in the host population is currently considered an
important factor that could contribute to the persis-
tence of the host-parasitoid system (Chesson and
Murdoch 1986). This variation can arise from other
sources besides host density in the field. Among the
sources of variation are lack of synchronization be-
tween host and parasitoid life cycles and phenotypic
variation in the host population that causes differential
susceptibility and/or vulnerability to parasitism (Has-
sell 2000).

A controversial point in detecting aggregative re-
sponse in parasitoids is the spatial scale of observation.
Indeed, observed natural patterns of parasitism have
been scale dependent in some studies (Heads and
Lawton 1983, Lill 1998, Jarosik and Lapchin 2001) and
scale independent in others (Reeve and Murdoch
1985, Strong 1989, Hails and Crawley 1992). Thus,
examining patterns of parasitism at different scales
might improve the likelihood of showing the actual
interaction mechanism in the field.
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In this research, we examined the host-parasitoid
system consisting of the tomato leafminer, Tuta abso-
luta (Meyrick) (Lepidoptera: Gelechiidae), a key pest
of tomato crops in South America, and the solitary
parasitoid Pseudapanteles dignus (Muesebeck) (Hy-
menoptera: Braconidae). T. absoluta is a neotropical
oligophagous species that feeds on wild and cultivated
solanaceous plants (Razuri and Vargas 1975, Souza
and Reis 1986, Pereyra and Sanchez 2006). On tomato,
it feeds on leaves, fruits, and stems, preferably in the
apical parts of the plant. It causes yield losses of up to
70% in South America (Vargas 1970, Ferniandez and
Montagne 1990, Ulle and Nakano 1994, Botto et al.
1998, Torres et al. 2002).

Chemical control with neurotoxicant insecticides
are used, but because of reduced efficacy (Siqueira et
al. 2000, Garcfa et al. 2005, Lietti et al. 2005) and
significant sublethal effects to natural enemies (Con-
soli et al. 1998), interest has grown in finding alterna-
tive management practices.

In this context, various control methods have
been studied, such as (1) resistant plants (Ecole et
al. 2001); (2) biological control with the predator
Podisus nigrispinus (Dallas) (Hemiptera: Pentato-
midae) (Torres et al. 2002) and (3) the egg parasitoid
Trichogramma pretiosum Riley (Hymenoptera: Tri-
chogrammatidae) (Pratissoli et al. 1998, Faria et al.
2008); and (4) the use of the microbial control agent
Bacillus thuringiensis variety kurstaki (Giustolin et al.
2001). However, effective control of the pest has not
been achieved yet.

Pseudapanteles dignus is a dominant larval parasitoid
of T. absoluta in open field and protected crops (Lange
and Bronson 1981, De Santis 1983, Uchoa-Fernandes
and Campos 1993, Haji et al. 1995, Miranda et al. 1998,
Faria et al. 2000, Colomo et al. 2002). This koinobiont
endoparasitoid is distributed in the Americas, and its
host range is limited to a few gelechiid species (Car-
dona and Oatman 1971, Oatman and Platner 1989,
Bennett 1995). The potential of P. dignus as a control
agent of T. absoluta has recently been considered by
studying its life history traits and functional response
(Luna et al. 2007).

The objective of this study was to assess the spatial
pattern of parasitism of T. absoluta by the solitary
parasitoid P. dignus at different spatial scales on com-
mercial tomato crops. We report the density of the
host and the spatial distributions of both host and
parasitoid, the percentage of parasitism, the probabil-
ity and risk of parasitism among different individuals
in the host population, and the spatial density depen-
dence. Our findings are discussed in the context of
biological control and may be useful for other types of
pest-enemy interactions, as well.

Materials and Methods

Study Area. The study site is located in the sur-
roundings of La Plata, northern Buenos Aires prov-
ince, Argentina (34°56" S, 57°59" W). This area is
representative of an extended and traditional hor-
ticultural region, embedded into a landscape com-
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prised of cropping and grazing fields, the Rolling Pam-
pas, in the humid-temperate climatic zone (Hall et al.
1992). In this region, tomato is cultivated both in
open-field and protected conditions (open-sided plas-
tic greenhouses) (Corvo Dolcet 2005, Garcia et al.
2005), mainly based on fresh-market tomato, and com-
prises ~40% of national production. Climatic temper-
ate conditions allow two growing cycles per year: early
season (spring, from September to December) and
late season (summer, from January to April). Con-
ventionally, producers use insecticides based on cal-
endar applications to control T. absoluta and other
pests, such as Trialeurodes vaporariorum (Westwood)
and Bemisia tabaci (Gennadius) (Homoptera: Aley-
rodidae) whiteflies. Alternatively, organic farming
practices are also used by some producers in this area.

Insect Sampling. Tomato leafminer larvae were
sampled at four tomato fields (referred to as “sites”),
representing different tomato cropping conditions:
two conventional greenhouses (sites 1 and 2) in 2004,
one organic open field (site 3), and one organic green-
house (site 4) in 2005. Site sizes ranged from 180
(organic) to 840 m* (conventional). Tomato varieties
in the locations were indeterminate disease-resistant
hybrids and hybrids that prolong product shelf-life
(e.g., 'Superman’). Conventional sites had no pesti-
cide applications for at least 30 d before sampling to
allow carrying out this study.

The spatial parasitism pattern was analyzed in the
context of discrete host aggregation or “patches” on
different scales: plant, leaf, and leaflet. To avoid spatial
interdependence, all units from the smaller scale were
included in the larger scale (Jarostk and Lapchin
2001). We considered that the upper third of the plant
was representative of the distribution of pest and para-
sitoid at plant scale, because T. absoluta concentrates
mainly in the apical parts of the tomato plants (Torres
et al. 2001). The apical parts of 19-20 tomato plants
(containing seven to eight consecutive expanded
leaves) were harvested at random at each site, placed
individually in plastic bags, and transported to the
laboratory. To examine the parasitism at the three
scales, each apical part of the plant was sorted in all
component leaves and each leaf in all component
leaflets. All sampling took place at the harvest season.
Samples were taken once at each site at the middle of
March (site 1) and at the end of April (site 2) in 2004
and at the end of March (site 3) and at the beginning
of April (site 4) in 2005, when host and parasitoid
populations were interacting.

Host Density, Spatial Distribution of Host and Para-
sitoid, and Percentage of Parasitism. In the laboratory,
the leaves of each plant were examined under a bin-
ocular microscope to estimate the densities of imma-
ture stages of T. absoluta and P. dignus at the three
spatial scales. Leaflets containing at least one T. ab-
soluta larva were reared individually in plastic petri
dishes (10 cm diameter). The larvae were fed daily
with fresh tomato leaves and maintained in an envi-
ronmental chamber at 25 + 2°C, 70 + 5% RH, and 14:10
(L:D) h, until leafminer pupa formation or parasitoid
cocoon emergence. Dead host larvae were dissected
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Table 1. Mean (£SE) and ranges of densities of T. absoluta at three spatial scales in four tomato crops
. Plant Leaf Leaflet
Location
n Mean (SE) Min. Max. n Mean (SE) Min. Max. n Mean (SE) Min. Max.
Site 1 20  36.45b (6.60) 5 96 162 4.39b (0.50) 0 36 2,201  0.33b (0.02) 0 12
Site 2 19 69.74 a (12.86) 3 245 154 9.09 a (0.77) 0 54 3,283 0.40 a (0.02) 0 11
Site 3 20 8.55¢ (2.13) 0 39 165 1.04 ¢ (0.15) 0 15 1,623 0.11c (0.01) 0 4
Site 4 19 11.58 ¢ (1.91) 0 26 150 1.43 ¢ (0.17) 0 12 2,144 0.10 ¢ (0.008) 0 6

Site 1, conventional greenhouse, 2004; site 2, conventional greenhouse, 2004; site 3, organic open field, 2005; site 4, organic greenhouse, 2005.
all crops were located in the surroundings of La Plata, Buenos Aires province, Argentina. Different letters within a column indicate significant
differences (P = 0.05) according to Tukey test for plants; Tukey type test for nonparametric multiple comparisons for leaves and leaflets.

to search for parasitoid immature stages. Mean den-
sities of T. absoluta were calculated considering living
and dead larvae. The sampling units were the number
of parasitized hosts per plant, per leaf, and per leaflet.

Differences in densities among sites at plant and leaf
scales were tested by analysis of variance (ANOVA;
square root-transformed data) or with the Kruskal-
Wallis tests, when ANOVA assumptions were violated
(normality and homoscedasticity). A median test was
used for leaflets because of the high number of counts
(~10,000). To compare mean densities, the Tukey test
or Tukey type test for nonparametric analysis was used
(Zar 1999).

The spatial distribution of T. absoluta was evaluated
by the index of dispersion (I) calculated as the vari-
ance to mean ratio (Southwood 1978), and the signif-
icance of the departure from ratio unity was assessed
by x* (Elliot 1979). Additionally, data were fitted
to the Poisson, negative, and positive binomial distri-
butions, depending on whether the population distri-
butions were random, aggregated, or uniform, respec-
tively. The same tests were done for the parasitoid,
based on numbers of parasitized hosts found in all
collected plants, leaves, and leaflets. Goodness-of-fit
of the observed data to the theoretical distributions
was tested by x* or G tests (P < 0.05) in cases where
the df was <3.

Percentage of parasitism by P. dignus was calculated
as follows: (the number of parasitoid larvae found in
dissections + cocoons formed)/ [ (total number of

hosts (healthy and parasitized)| X 100. Differences
among sites in mean percentages/leaflet were com-
pared by Kruskal-Wallis and Tukey type test for non-
parametric analysis (Zar 1999).

Probability and Risk of Parasitism. To examine the
aggregation of parasitism in relation to host density,
two variables were estimated: (1) probability of par-
asitism and (2) risk of parasitism. The probability of
parasitism among host patches at the different scales
was calculated as the proportion of parasitism at each
host patch density on which parasitism occurred, in-
dependent of the number of parasitized hosts (Beze-
mer and Mills 2001). This variable represents the pro-
portion of patches at each host patch density and scale
that were parasitized. The risk of parasitism per indi-
vidual host at each host patch density at the different
scales was measured according to Lill (1998) as (prob-
ability of parasitism) X (proportion of larvae parasit-
ized/number of parasitized leaflet, leaf, or plant).
Density dependence of these two variables was ex-
amined for each spatial scale with linear regression
analysis, with previous arcsine transformation of the
original data.

Density Dependence. Spatial density dependence
of proportion of parasitism was analyzed by fitting
logistic regressions between the proportion of para-
sitized hosts and host density. This method is appro-
priate in cases where the dependent variable is cate-
gorical (a discontinuous variable), and it can be used
with continuous and/or discrete independent vari-

Table 2. Spatial distribution of T. absoluta at three spatial scales in four tomato crops
. Spatial ot Dispersion Frequency 2b
Location scale I df X pattern distribution X k df r
Site 1 Plant 23.93 19 454.67 Clumped Negative binomial 73.04 1.59 96 0.93
Leaf 9.24 161 1487.64 Clumped Negative binomial 45.45 0.53 36 0.13
Leaflet 2.39 2201 5260.39 Clumped Negative binomial 14.38 0.24 13 0.28
Site 2 Plant 44.83 18 806.94 Clumped Negative binomial 84.44 1.59 245 0.99
Leaf 10.14 161 1632.54 Clumped — — — — —
Leaflet 2.2 3282 7220.40 Clumped — — — — —
Site 3 Plant 10.67 19 202.73 Clumped Negative binomial 399.93 0.88 39 0.428
Leaf 3.69 164 605.16 Clumped Negative binomial 13.44 0.39 15 0.568
Leaflet 1.37 1622 2222.14 Clumped Negative binomial 4.31 0.29 4 0.365
Site 4 Plant 5.97 18 107.46 Clumped — — — — —
Leaf 3.19 149 475.31 Clumped Negative binomial 7.99 0.65 12 0.786
Leaflet 1.58 2143 3385.94 Clumped Negative binomial 6.66 0.18 6 0.35

Site 1, conventional greenhouse, 2004; site 2, conventional greenhouse, 2004; site 3, organic open field, 2005; site 4, organic greenhouse, 2005.
All crops were located in the surroundings of La Plata, Buenos Aires province, Argentina. ,

k, negative binomial parameter; x**, value for the departure from unity of the index of dispersion (I = variance/mean); x> , test for goodness
of fit of negative binomial distribution. P = 0.05 indicates agreement with a negative binomial.
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Table 3. Spatial distribution of P. dignus at three spatial scales in four tomato crops
. Spatial N Dispersion Frequency b

Location scale I df pattern distribuion X k df P
Site 1 Plant 5.47 19 103.93 Clumped Negative binomial 27.81 1.35 21 0.15
Leaf 2.22 117 259.74 Clumped Negative binomial 7.79 0.84 10 0.65
Leaflet 1.10 421 463.10 Random Poisson 2.99 — 3 0.39
Site 2 Plant 22.14 18 398.52 Clumped Negative binomial 56.85 0.94 94 0.99
Leaf 3.76 147 552.72 Clumped Negative binomial 27.26 1.02 17 0.06
Leaflet 1.14 778 886.92 Clumped Negative binomial 2.76 2.82 4 0.60
Site 3 Plant 3.30 17 56.10 Clumped Negative binomial 10.84 1.04 15 0.76
Leaf 1.14 70 79.80 Random Poisson 2.75 — 4 0.40
Leaflet 1.05 149 156.45 Random Poisson 0.85 — 3 0.84
Site 4 Plant 1.49 16 23.84 Random Poisson 16.98 — 10 0.07
Leaf 1.12 75 84.00 Random Poisson 413 — 6 0.66
Leaflet 0.66 174 114.84 Uniform Positive binomial 1.13 — 2 0.57

Site 1, conventional greenhouse, 2004; site 2, conventional greenhouse, 2004; site 3, organic open field, 2005; site 4, organic greenhouse, 2005.
All crops were located in the surroundings of La Plata, Buenos Aires province, Argentina.

X" value for the departure from unity of the index of dispersion (I = variance/mean); x* ,

test for goodness of fit of Poisson, negative or

positive binomial distribution, k, negative binomial parameter. P = 0.05 indicates agreement with a Poisson, negative or positive binomial

distribution.

ables. Because the proportion of parasitism is a dis-
crete dependent variable, the errors associated with it
may not be normally distributed (Trexler et al. 1988,
Trexler and Travis 1993). Other methods, such as lin-
ear regression and nonlinear least square, have been
usually used to test density dependence in laboratory
and field experiments. However, the logistic model
that explicitly assumes binomially distributed errors
has proved to be more suitable (Juliano 2001). Thus,
the statistical model used was:

In[p/(1 —p)] = a+ Bx

where p is the proportion of parasitized hosts, and
values of B equal to, greater than, or less than zero
indicate density independence, direct density depen-
dence, or inverse density-dependence, respectively.
This model was fitted to data using the method of
maximum likelihood (STATISTICA 6.0; StatSoft
2004). Analyses were carried out for each site, and for
all sites combined, at each spatial scale.

Table 4. Regression analysis of the probability of parasitism of
T. absoluta larvae parasitized by P. dignus on host density at three
spatial scales in four tomato crops

Spatial

Location Slope = SE  R? F df P
scale

Site 1 Plant 0.23 = 0.24 0.05 091 1,16 035
Leaf 0.65 = 0.16 042 1524 1,21  0.0008

Leaflet 0.30 = 0.36 0.09 0.71 1,7 0.43

Site 2 Plant “ — — — —
Leaf 061 +0.15 037 1574 127 0.0005

Leaflet 0.17 = 0.34 0.03 025 1.8 0.63

Site 3 Plant 0.37 = 0.30 0.14 145 19 0.26

Leaf 083*+022 069 1327 1,6 0.01

Leaflet 0.62 = 0.55 0.39 126 12 0.38

Site 4 Plant 0.52 = 0.28 0.27 340 19 0.10

Leaf 0.68 025 047 707 18 0.03

Leaflet 0.92 = 0.19 085 21.89 14 0.01

Site 1, conventional greenhouse, 2004; site 2, conventional green-
house, 2004; site 3, organic open field, 2005; site 4, organic greenhouse,
2005. All crops were located in the surroundings of La Plata, Buenos
Aires province, Argentina.

“ Could not be calculated because all plants with hosts had at least
one parasitized.

Results

Density of Host, Spatial Distributions of Host and
Parasitoid, and Percentage of Parasitism. A total of
9,251 leaflets from 631 leaves of 78 tomato plants were
examined. Overall mean densities (+SE) for T. abso-
luta at the three spatial scales were 31.35 (*4.51)
leafminer larvae/plant; 3.96 (+0.27) leafminer larvae/
leaf; and 0.26 (%£0.008) leafminer larvae/leaflet. Den-
sities of T. absoluta were much lower in sites 3 and 4
sampled in 2004 than in sites 1 and 2 sampled in 2005
at the three scales (Table 1): plants (ANOVA: F =
22.14; df = 3,74; P = 0.001); leaves (Kruskal-Wallis test:
Hs ,, — 631y = 196.51; P = 0.001); and leaflets (Median
test: x* = 262.62; df = 3; P = 0.001).

Leafminer spatial distribution was clumped at all
scales and sites, with the index of dispersion (I) sig-
nificantly greater than one (Table 2). In most cases (9
of 12), observed frequencies did not deviate signifi-
cantly from the expected frequencies based on the
negative binomial distribution. Three cases did not
adjust either to Poisson or to negative or positive

Table 5. Regression analysis of risk of parasitism of T. absoluta
larvae parasitized by P. dignus on host density at three spatial scales
in four tomato crops

Location Spatial Slope + SE R® F df P
scale
Site 1 Plant 022 +0.24 0.05 0.81 1,16 0.38
Leaf 0.30 = 0.20 0.09 2.11 121 016
Leaflet 0.55 = 0.31 0.30 299 1,7 013
Site 2 Plant —0.24*+0.24 0.06 0.99 1,16 0.33
Leaf 051 =0.16 0.26 9.35 127  0.005
Leaflet 0.66 = 0.26 0.44 6.32 1,8 0.04
Site 3 Plant —0.16 £0.32 0.02 0.23 1,9 0.65
Leaf 094 =0.13 0.89 48.92 1,6 0.0004
Leaflet 098 +0.15 095 39.99 1,2 0.02
Site 4 Plant 0.02 = 0.33  0.0004 0.004 19 0.95
Leaf 0.86 =0.18 0.74 23.00 1.8 0.001
Leaflet 0.80 = 0.29 0.66 7.61 1,4 0.05

Site 1, conventional greenhouse, 2004; site 2, conventional green-
house, 2004; site 3, organic open field, 2005; site 4, organic greenhouse,
2005. All crops were located in the surroundings of La Plata, Buenos
Aires province, Argentina.
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Fig. 1.

Relationship between the proportion of parasitized T. absoluta per plant by the parasitoid P. dignus against T.

absoluta density in four tomato crops representing different cropping conditions, located in the surroundings of La Plata,
Buenos Aires province, Argentina. (a and b) Sites 1 and 2, respectively; both are conventional greenhouses, 2004. (c) Site
3, organic open field, 2005. (d) Site 4, organic greenhouse, 2005. (e) All sites combined. B = SE: slope of logistic regression

curve. *Significant level: P < 0.05.

binomial distributions. Values of k, the binomial dis-
tribution parameter, decreased from plant to leaflet,
indicating a more aggregate distribution as scale di-
minishes.

Spatial distributions of P. dignus were much more
variable than those of the host (Table 3). Seven cases
were clumped and fitted to a binomial distribution.
The other five fitted to Poisson series: two at leaf level
(sites 3and 4), two at leaflet level (sites 1 and 3), and
one at plant level (site 4). Only one case showed a
regular dispersion and adjusted to positive binomial
distribution at the leaflet scale (site 4). At site 2 where
the spatial distribution was aggregated at three scales,
k values increased while scale decreased, indicating a

trend toward a less clumped distribution at leaflet
scale.

Percentages of parasitism were as follows: site 1,
17.06%; site 2, 27.53%; site 3, 26.47%; site 4, 45.95%.
Mean percent parasitism/leaflet at site 4 was signifi-
cantly higher than at the other sites (Kruskal-Wallis
test: Hy ,, _ 1508) = 57.3% P = 0.001).

Probability and Risk of Parasitism. The probability
of parasitism was aggregated at leaf scale, indicating
that it increased with host density. At larger (plant) or
smaller (leaflet) scales, no relationship between pro-
portion of parasitism and host density was found, ex-
ception for site 4 at the leaflet scale, where it was
positively density dependent (Table 4). The risk of
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Fig.2. Relationship between the proportion of parasitized T. absoluta per leaf by the parasitoid P. dignus against T. absoluta
density in four tomato crops representing different cropping conditions, located in the surroundings of La Plata, Buenos Aires
province, Argentina. (a and b) Sites 1 and 2, respectively; both are conventional greenhouses, 2004. (¢) Site 3, organic open
field, 2005. (d) Site 4, organic greenhouse, 2005. (e) All sites combined. B + SE: slope of logistic regression curve. *Significant

level: P = 0.05.

parasitism increased with host density both at leaf and
leaflet scales, with the exception of site 1, where there
was density independence at all scales (Table 5).

Density Dependence. Linear coefficients () were
not significantly different from zero at all scales and
sites, indicating that the proportion of parasitized
hosts was independent of host density (Figs. 1-3).
Despite lack of significance, slopes exhibited a nega-
tive trend in most cases, and when data of all sites were
combined, these resulted in a significant inversely
density dependence of the proportion of parasitized
hosts at the leaflet scale (Fig. 3). The relationship
between the proportion of parasitized hosts and host
abundance showed a high variability at the three spa-
tial scales and at all sites.

Discussion

As most phytophagous hosts (Wajnberg 2006), T.
absoluta populations occurred in discrete patches in
the environment. In contrast, parasitoid population
distribution showed an opposite trend by underdis-
persing when scale decreased, and spatial distribution
became random and even uniform at the leaflet scale
(Table 3).

Although parasitoid foraging behavior and/or host
recognition mechanisms of females in the field were
not directly tested in this study, the outcome of these
can be inferred from the observed P. dignus parasitism.
Results suggest that females are initially attracted to
and spend more time foraging on leaves with high host
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Fig. 3. Relationship between the proportion of parasitized T. absoluta per leaflet by the parasitoid P. dignus against T.
absoluta density in four tomato crops representing different cropping conditions, located in the surroundings of La Plata,
Buenos Aires province, Argentina. (a and b) Sites 1 and 2, respectively; both are conventional greenhouses, 2004. (c) Site
3, organic open field, 2005. (d) Site 4, organic greenhouse, 2005. (e) All sites combined. B * SE: slope of logistic regression

curve. *Significant level: P = 0.05.

densities. Once on the leaf, females may increase the
duration of patch visit time on those leaflets where
higher host densities occur. As a consequence, indi-
vidual hosts in leaflet patches of higher densities are at
a greater risk of being parasitized.

Interestingly, there was a density-independent pat-
tern of parasitism in all sites and scales, with a ten-
dency toward inverse density dependence, because it
was statistically detected at the leaflet scale when all
sites were pooled. The density-independent pattern of
field parasitism is consistent with the type I functional
response of P. dignus observed in the laboratory,
where the curve reached an asymptote at a mean
density of six hosts per day (Luna et al. 2007). More-
over, direct observations from ovipositing females
showed that 75% of them did not attack any hosts,
exhibiting slow movements and very low activity dur-

ing at least the first 2 h of experiments. The variation
in the number of parasitized hosts by P. dignus over all
ranges of densities observed both in the laboratory and
in the field would suggest that females have a higher
egg load than the number of hosts they are able to
attack, being more time limited (handling time) than
egg supply limited when interacting with T. absoluta.
These results are consistent with those reported by
Waage (1983) on Diadegma spp., where parasitoids
showed aggregation in Brussels sprout plants with
higher densities, although the rate of parasitism was
density independent. Based on field and laboratory
studies, Waage (1983) concluded that handling time
could have resulted in limited oviposition rates at the
highest densities. Hassell (1982, 2000) suggested that
long handling times might prevent rising the parasit-
ism as host density increases and would lead to inverse
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density dependence. However, Heimpel and Casas
(2008) argued that the combination of handling time
limitation and aggregation at higher densities might
lead to density-independent parasitism.

We found a great variability of the proportion of
parasitism of P. dignus at a wide range of host densities
in the field, corresponding with our results from lab-
oratory studies (Luna et al. 2007). However, natural
conditions are much more complex than those in sim-
plified laboratory assays, and unevenness of field for-
aging efficiency of P. dignus may depend not only on
female behavior but also on differences in host dis-
tribution at different spatial scales, variability in the
susceptibility of different hosts, lack of synchrony be-
tween host and parasitoid life cycles, and interference,
among other factors (Hassell 2000). The variation in
risk of parasitism between individuals in the host
population is currently considered an important
factor that could contribute to the persistence of
host-parasitoid interactions.

Pseudapanteles dignus seems to be a promising can-
didate for conservation biological control and/or sea-
sonal augmentative releases (van Lenteren and Man-
zaroli 1999) and shows several positive biological traits
for a natural enemy of a pest: (1) it is present in open
field and protected tomato (under either conventional
or organic management practices), indicating its ca-
pacity to survive under different cropping conditions;
(2) parasitism levels can reach relatively high levels
(=~46%) in late tomato crops, which is the most sus-
ceptible period to tomato leafminer attack; (3) fe-
males attack hosts daily; (4) they do not exhibit a
preference among larval instars; (5) they have a rel-
atively narrow host range (Oatman and Platner 1989);
and (6) they are able to synchronize its larval devel-
opmental time with that of the host (Luna et al. 2007).
Moreover, the aggregative response at leaf and leaflet
scales, and the relatively high variation of density-
independent parasitism rates, observed over all ranges
of densities at all scales, could create a partial refuge
effect for the host, contributing to the persistence of
the interaction. Nevertheless, to determine how cru-
cial the density relationships and the aggregation of
parasitism are to promote stability in a host-parasitoid
natural interaction, more long-term laboratory and
field experiments are needed.

Because of crop, pest, and natural enemy removal at
the end of the growing season in annual crops, and
because of severe pesticide applications, reliable and
persistent biological control seems to be difficult to
obtain in such crops. According to Landis and Me-
nalled (1998), the difficulty in using parasitoids for
biological control in a classical or conservation ap-
proach in annual crops stems primarily from the dis-
turbance imposed by humans on agroecosystems.
However, the reappraisal of conservation of natural
enemies as biological control agents has started to
increase, changing the current dogma and creating
new management perspectives for annual and peren-
nial agroecosystems (Nyrop et al. 1998).
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