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The biological control for fruit flies in Brazil has been extended with the introduction of the parasitoid Diachasmimorpha lon-
gicaudata (Ashmead, 1905) (Hymenoptera: Braconidae) and native parasitoids, such as Doryctobracon brasiliensis (Szepligeti,
1911) (Hymenoptera: Braconidae), which show great potential for control. Among the main pest species of fruit flies, Anastrepha
fraterculus (Wiedemann, 1830) (Diptera: Tephritidae) and Ceratitis capitata (Wiedemann, 1830) (Diptera: Tephritidae) have a
wide geographic distribution in the South American continent. The objectives of this study were to evaluate the functional
response of D. brasiliensis to the density of A. fraterculus larvae and to model the parasitism rates of D. longicaudata and D.
brasiliensis on A. fraterculus and that of D. longicaudata when exposed to C. capitata. The experiments were conducted to
evaluate the parasitism rate, and the data were subjected to statistical analysis, verifying the probability distribution. The par-
asitism rate of D. brasiliensis ranged from 82.2% to 35% when 5 and 30 larvae were offered to each female, respectively. The
results revealed a type Il functional response, indicating that the parasitism rate reached a saturation point as the larval density
increased. In A. fraterculus, the average number of larvae parasitized by D. longicaudata females was higher than that of C.
capitata at nearly all host densities. The highest percentage of parasitism (55%) was observed at the density of 3 larvae per
parasitoid, similar to what was recorded for C. capitata. The results obtained support the biological control program for fruit
flies in Brazil, optimizing laboratory rearing and field release.
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Introduction

Fruit flies (Diptera: Tephritidae) are considered one of the main
fruit pests worldwide because of the large number of pest and
host species and the high economic impact on crops (Dias et
al. 2018). In Brazil, the South American fruit fly Anastrepha
fraterculus (Wiedemann, 1830) and the Mediterranean fruit
fly Ceratitis capitata (Wiedemann, 1824) are considered the
main fruit pests, requiring the adoption of control measures to
avoid economic losses (Nava and Botton 2010, Botton et al.
2023). Population control of A. fraterculus is achieved by appli-
cation of organophosphate and pyrethroid insecticides over the
total area in accordance with a predefined schedule (Arioli et
al. 2004). Applications are based on coverage (total area) and/
or the use of toxic baits (Nava and Botton 2010). However,
systemic organophosphate insecticides have been gradually

withdrawn from the worldwide market, and the use of chemical
insecticides with contact and ingestion actions alone is insuffi-
cient. This scenario highlights the need to identify new alter-
natives for controlling fruit flies that can be used in different
management strategies by fruit growers while minimizing the
impact on the environment and humans.

Biological control using both exotic and native parasitoids
is an option for managing fruit flies. The rearing and release of
exotic parasitoids to control fruit flies has been shown to be
successful in several countries (Wong et al. 1991, Duan and
Messing 1997, Montoya et al. 2013, Sivinski et al. 2000,
Garcia et al. 2020, Dias et al. 2022). In Brazil, the introduction
of exotic species has been unsuccessful; therefore, the focus of
research has been on native species of braconid parasitoids,
which are considered the most important biological control
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agents for fruit flies. Currently, 13 species are registered in
Brazil and are distributed across different regions (Paranhos
et al. 2023). Among these, the larva-pupa endoparasitoid
Doryctobracon brasiliensis (Szepligeti, 1911) (Hymenoptera:
Braconidae) is geographically distributed in countries on the
South American continent and parasitizes larvae in different
fruit fly hosts (Aguiar-Menezes and Menezes 1997, Raga et al.
2004, Marinho et al. 2009, Nunes et al. 2012). Recently,
D. brasiliensis has been studied in order to assess its potential
as a biological control agent. To this end, bioecological exper-
iments and trials for the development of rearing techniques
have been conducted (Poncio et al. 2016, Poncio et al. 2018,
Gongalves et al. 2023), yielding encouraging results. However,
further advancements will require perfecting the production of
D. brasiliensis in the laboratory and conducting evaluations
under field conditions.

Unlike D. brasiliensis, Diachasmimorpha longicaudata (Ash-
mead, 1905) (Hymenoptera: Braconidae) is the most widely
used parasitoid in fruit fly biological control programs world-
wide. In Brazil, this parasitoid was introduced for classical
biological control in 1994, but its populations could not be
established, probably because of the climatic conditions in Bra-
zil (Paranhos et al. 2023). However, its use in biological control
with inundative releases has contributed to the control of fruit
flies when releases are associated with other control methods
(Garcia et al. 2020, Suérez et al. 2023). Studies based on the
parasitoid/host relationship were carried out by Ovruski et al.
(2011), focusing on the preference of D. longicaudata for larvae
of A. fraterculus and C. capitata, and by Camargo et al. (2018),
who determined its dispersal in guava orchards. However, there
is a lack of studies that analyze this relationship based on math-
ematical modeling.

In this context, knowledge of the functional response of a
parasitoid to its host can help optimize laboratory breeding
and define the quantity of parasitoids to be released in the field,
although the application of this information in the field shows
little reproducibility (Munyaneza and Obrycki 1997). Func-
tional responses, according to Holling (1959), Royama (1971),
and Rogers (1972), can be categorized into 3 types, namely
Type 1, Type II and Type IIL.

In 2012, Southern Brazil initiated a project to establish a
management program for A. fraterculus (called Moscasul)
using alternative control techniques to the use of chemical
insecticides. One of the strategic approaches was the use of
biological control with native parasitoids, which are better
adapted to local conditions than the exotic parasitoid D. lon-
gicaudata. To better understand the parasitoid-host relation-
ship, this study aimed to evaluate the functional response of
D. brasiliensis in relation to the density of A. fraterculus larvae
and to model the parasitism rate of D. longicaudata and D.
brasiliensis on A. fraterculus and that of D. longicaudata
exposed to C. capitata. This knowledge is crucial for optimizing
biological control practices, enhancing the effectiveness of
interventions, and minimizing the use of chemical insecticides,
thereby promoting sustainable agriculture.

Materials and Methods

Insect Rearing

The colonies of A. fraterculus and D. brasiliensis were maintained
in the Entomology Laboratory of Embrapa Clima Temperado
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for approximately 50 and 10 generations, respectively, under
controlled conditions of temperature (25 =1 °C), relative humidity
(70£20%), and a 12:12 h photoperiod (light:dark).

Anastrepha fraterculus colonies were maintained as described
by Goncgalves et al. (2023). The larvae were fed an artificial
diet based on wheat germ and yeast in jars (20 long x 15cm
wide x 5cm high), while the adults were kept in plastic cages
(30cm long x 50cm wide x 30 cm high) (Tupperware, Itapevi,
SP, Brazil) and fed a diet based on sugar, yeast, and wheat germ.
D. brasiliensis was kept in plastic cages (30cm long x 50cm
wide x 30cm high) (Tupperware, Itapevi, SP, Brazil) covered
with nylon fabric (0.5x0.5mm). The adults were fed a 30%
(w/w) honey solution, kept in glass containers (5 mL), and
offered to the parasitoids using a dental roll, which was made
available by capillarity. Three guava fruits (Psidium guajava
L., Myrtaceae) were cut at the top to remove part of the pulp,
and around 200 third-instar A. fraterculus larvae were placed
inside and reared on an artificial diet according to the protocol
described by Nunes et al. (2013). Guavas containing the larvae
were placed at the base of D. brasiliensis adult rearing cages
so that the females could parasitize the larvae inside the fruit.
The fruit remained inside the cage for 24h, after which the
larvae were removed from the fruit and placed in a Gerbox
container (11cm long x 11 cm wide x 3.5 cm high) (Prolab—S3o
Paulo, SP, Brazil) on a layer of moistened vermiculite, where
they remained until the parasitoids emerged.

Obtencgao de Dados de Parasitismo de
D. longicaudata em A. fraterculus

To model D. longicaudata in A. fraterculus and C. capitata,
data were obtained from the study by Altafini et al. (2021),
who used fruit fly larval densities of 1, 3, 5, 10, 25, 35, and 55
larvae per unit parasitism. The number of replicates per density
varied according to host availability, being 46, 20, 35, 34, 35,
28, and 20 replicates, respectively, for C. capitata and 20 for
A. fraterculus.

Parasitism Rate of D. brasiliensis as a Function of
the Number of A. fraterculus Larvae

To obtain data for the parasitism of D. brasiliensis on A. fra-
terculus, laboratory experiments were carried out under con-
trolled conditions of temperature (25 =1 °C), relative humidity
(70+20%), and a 12:12h photoperiod (light: dark).

Five-day-old pairs of D. brasiliensis were individually placed
in cages made of plastic cups (500 mL) (Prolab—Sao Paulo, SP,
Brazil), with the upper part containing nylon fabric (0.5 x 0.5 mm)
to allow aeration and to enable the females to parasitize the
larvae inside the parasitism units placed on top of the cage. Five,
10, 15, 20, 25, and 30 third-instar larvae were exposed to D.
brasiliensis females for 24h in parasitism units composed of
acrylic plates (1.7 cm in diameter x 0.5 cm in height) (Prolab—S3o
Paulo, SP, Brazil) containing guava pulp wrapped in voile-type
fabric. After the parasitization period, the larvae were trans-
ferred to acrylic vials (5 cm in diameter x 6 cm in height), where
they pupated, and either flies or parasitoids emerged.

The experiment was conducted in a completely randomized
design in a unifactorial scheme using 100 replicates, with each
replicate consisting of a pair of D. brasiliensis. The treatment
factors tested were different numbers of A. fraterculus larvae.
The parameters evaluated were the number of offspring and
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percentage of parasitism, taking into account the number of
flies and parasitoids that emerged and dissecting the host to
assess the possible presence of the parasitoid.

Exposure Time of A. fraterculus Larvae to

D. brasiliensis Parasitism

Five-day-old 25 pairs of D. brasiliensis were individually
housed in cages made of plastic cups (500 mL) with the top
part containing nylon fabric (0.5x0.5 mm) to allow aeration
and allow females to parasitize the larvae inside the parasitism
units placed on top of the cage. Third-instar A. fraterculus
larvae were offered in a parasitism unit consisting of an acrylic
plate (1.7cm in diameter x 0.5c¢m in height) (Prolab—Sao
Paulo, SP, Brazil) containing guava pulp wrapped in voile fab-
ric. The larvae were exposed to parasitism for periods of 3, 6,
9,12,15,18, 21, and 24 h, and then transferred to acrylic jars
(5cm in diameter x 6 cm in height) containing moistened fine
vermiculite for pupation.

Mathematical Model and Statistical Analysis

To define the mathematical model, 3 equations proposed by
Holling (1959), Royama (1971), and Rogers (1972) were ana-
lyzed, which provided a solution assuming saturation of par-
asitism, as shown in Equation 1:

N, =N, (1 —exp(aNj(hN, - T))) (1)

where Ne is the host density; NO is the initial prey density; T
is the experimental time (hours or days); a is the consumer’s

resource capture rate; b represents the time spent ingesting and
digesting each prey item; and g is a scaling exponent that defines
the extent to which the functional response changes from
hyperbolic to sigmoidal deceleration (Pritchard et al. 2017).
When g =0, the capture rates are constant with the density of
resources (hyperbola), yielding a type II functional response. In
this study, the behavior of D. brasiliensis was similar to that of
a predator, except that it did not consume the host.

For an effective choice between type I, type II, and type III
functional responses, logistic regression of the proportion of
parasitized hosts in relation to host density was performed.
The workflow followed the steps described by Pritchard et al.
(2017): model selection, model fitting, and comparison of fits
and coefficients. The functional responses of types L, II, and III
were compared using the Akaike information criterion (AIC)
(Akaike 1974) and the Bayesian information criterion (BIC)
(Schwarz 1978). Functional response analysis and adjustment
were performed using the FRAIR package (Pritchard et al.
2017) available in R software version 4.1.0 (R Core Team 2024).

Probability Distributions

The distribution of the parasitized larvae was analyzed using
log-normal and gamma-probability distributions. At low host
densities, the number of parasitized larvae increases rapidly
with increasing host density. However, as host density contin-
ues to rise, the parasitism rate tends to decline. This pattern
reflects the saturation effect inherent in the probabilistic models
used, which capture this asymmetric behavior. Brief descrip-
tions of these two distributions are presented in the following
section.

Fig. 1. Parasitism rate (black dashed line) and number of offspring (gray dashed line) of D. brasiliensis in relation to different densities of A. fraterculus

larvae.
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Two probability distributions, log-normal (Aitchison and
Brown 1957) and gamma (Taveira 2017), were fitted to the
parasitism rate data at different host densities: D. brasiliensis
exposed to A. fraterculus larvae, D. longicaudata exposed to
A. fraterculus larvae, and D. longicaudata exposed to C. cap-
itata larvae.

The methodology utilized was based on fitting a nonlinear
model to describe the relationship between host density and
the rate of parasitized larvae. First, nonlinear modeling was

Table 1. Parameter estimates for the Log-normal and Gamma models,
including AIC, BIC, and residual standard deviation (RSD), for both
experiments: D. brasiliensis exposed to A. fraterculus larvae, D.
longicaudata exposed to A. fraterculus larvae, and D. longicaudata
exposed to C. capitata

. Evaluators
Probability Parameter
distribution estimation AIC BIC DPR
D. brasilien- Log-normal pu=3.6 -25.6  -25.8 0.02
sis in A. o=1.5
fraterculus  Gamma a=1.5 -13.5  -13.7 0.1
B=0.1
D. longicau- Log-normal u=35.4 -1.1 -2 0.1
data in A. =21
fraterculus  Gamma a=11 1.8 .01 0.1
B=0.04
D. longicau- Log-normal p=4.2 -23.5  -23.7 0.03
data in C. c=1.5
capitata Gamma a=14 -19.3 -19.6 0.04
B =0.04

Poncio et al.

conducted using the nls function in the nls2 package (Bates and
Watts 1988), and the fitted models were based on log-normal
and gamma distributions. The nonlinear least-squares method
was used for parameter estimation. This method seeks to min-
imize the sum of the squares of the residuals, which is the
difference between the observed values and the values predicted
by the model. Two evaluators compared the quality of the
model fits using AIC, BIC, and residual standard devia-
tion (RSD).

Results and Discussion

The type II functional response determined for D. brasiliensis
when offered A. fraterculus larvae in the laboratory followed
the behavior of parasitoid species, where the saturation point
in terms of parasitism was reached after a certain host density.
Parasitism behavior in the face of different host densities is
important to understand the control potential of a parasitoid
and define parameters to maximize its rearing in the laboratory,
as well as its population dynamics in an agricultural
environment.

The number of parasitized hosts increased rapidly up to a
density of 25 larvae, with approximately 11 hosts, and then
slowed down, stabilizing at 25 larvae per female parasitoid
(Fig. 1). However, the parasitism rate decreased as the density
of larvae increased, ranging from 82.2% when 5 larvae were
offered to 35% when 30 larvae were offered. In a later section,
we will present the fitting of two probability distributions that
describe the behavior of the parasitism rate. An analysis of the
ideal density for offering D. brasiliensis females led to the con-
clusion that 10 larvae per female in 24 h is the value at which

Fig. 2. Functional response curve type I, and 95% confidence intervals, fitted for parasitism of D. brasiliensis in relation to different densities of

A. fraterculus larvae.
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the parasitism and emergence curves cross. This value is close
to that determined for Doryctobracon areolatus (Szepligeti,
1911) (Hymenoptera: Braconidae), where the supply of 10 A.
fraterculus larvae enabled the emergence of approximately 6
parasitoids (Gongalves 2016), and D. longicaudata, in which
the supply of 8 larvae of Anastrepha ludens Loew 1873 (Dip-
tera: Tephritidae) per female led to the production of § off-
spring (Montoya et al. 2000).

The results of the model selection conducted using the frair_
test and frair_fit functions indicated a type II functional
response. The parameter estimates (and significance levels) for
the logistic regression analysis of the proportion of parasitized
hosts in relation to the initial host density indicated a type II
functional relationship, due to a significant negative first-order
term (estimate=-0.07=0.003, z-value= -25.543; P<0.0001),
corresponding to a significant decrease in the rate of emerged
parasitoids.

A comparison of the AIC and BIC values indicated that the
type II functional response provided the best fit among the
models tested (Table 1). Specifically, the type Il model showed
the lowest AIC (3622.9) and BIC (3631.7) values, in compar-
ison with the type I (AIC=4377.5; BIC=4381.9) and type III
(AIC=3624.9; BIC=3638.1) models. Providing reasonable
initial values for the free parameters of the model is essential
for optimizing nonlinear models. This process involves some
practical rules; for example, for models with a type II functional
response, » can be approximated as the inverse of the maxi-
mum number parasitized, and T is set to 1 (Bolker 2008). In
this study, we used a=1, h=0.1, and T=1. Once the initial
estimates and fixed values were provided, the model was opti-
mized using the maximum likelihood estimation. In the FRAIR
package, the models used a binomial likelihood function that
imposes an upper limit (all parasitized hosts) and a lower limit
(no parasitized hosts) on the response.

The functional response is represented by an asymptotic
curve, with capture rate 4=2.688+0.164 (Z=16.39; P<0.0001)
and handling time /#=0.081+0.002 (Z=37.48; P<0.0001)
(Fig. 2). Each point represents an observation of the number
of emerged parasitoids at a given larval density. The experiment
was repeated several times per density level, resulting in vertical
columns of overlapping points. The right-side grayscale bar
indicates the repetition number (rep), with lighter shades rep-
resenting earlier repetitions and darker shades indicating
later ones.

The FRAIR package also includes frair_boot, which uses a
nonparametric bootstrap method based on the boot::boot func-
tion (Canty and Ripley 2025). This procedure generates several
curve estimates and has 95% confidence intervals by default,
with a=2.7 (confidence interval: [2.3, 3.3]) and #=0.08 (con-
fidence interval: [0.07, 0.09]).

The type II functional response shown by D. brasiliensis
when offered different densities of A. fraterculus larvae indi-
cated that the number of parasitized hosts increased, as showed
in Fig. 2. The type II functional response is the most common
for parasitoids, although type III responses have also been
reported for the braconid D. longicaudata, a parasitoid of the
Mexican fruit fly Anastrepha ludens Loew, 1873 (Diptera:
Tephritidae) larvae (Montoya et al. 2000). On the other hand,
type I functional responses have also been reported for the
parasitoids Trichopria drosopbilae (Perkins, 1910) (Hymenop-
tera: Diapriidae) and Pachycreoideus vindemiae (Rondani,
1875) (Hymenoptera: Pteromalidae) in pupae of Drosophila

suzukii (Matsumura, 1931) (Diptera: Drosophilidae), another
pest that also attacks fruit (Kacar et al. 2017). Notably, these
two parasitoids also parasitized A. fraterculus. Thus, fruit fly
parasitoids show different functional responses and should be
analyzed on a case-by-case basis.

The results obtained for D. brasiliensis can directly influence
the maximization of its multiplication process in the labora-
tory, potentially yielding a high rate of parasitism and thus

Fig. 3. Observed data of females A) D. brasiliensis exposed to larvae of
A. fraterculus, B) D. longicaudata exposed to larvae of A. fraterculus, and
C) D. longicaudata exposed to larvae of C. capitata, along with the fitted
Log-normal and Gamma models. The points represent the experimen-
tal data.
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Fig. 4. Number of emerged parasitoids of D. brasiliensis reared on A. fraterculus larvae subjected to eight different exposure times along with the fitted

Log-normal and Gamma models. The points represent the experimental data.

increasing the efficiency of rearing and reducing production
costs by reducing expenditure on inputs such as diet and labor.
However, additional studies are required to characterize the
application of these findings in the field and in production
systems to understand the population dynamics of the parasit-
oid and the host (pest) and even their use in applied biological
control programs, since laboratory experiments are carried out
in confined conditions and parasitoids exhibit different behav-
iors in the field (Van Lenteren and Bakker 1976). In addition,
parasitoid behavior related to learning to locate hosts (Turlings
etal. 1993) and variable environmental conditions can interfere
with functional responses.

In this study, for the D. brasiliensis data, a point near the
origin was added to allow the model to capture the rapid
increase in parasitism rate at low host densities. For the D.
longicaudata data, the point (5, 0.1) was removed to allow the
log-normal and gamma models to converge. For both experi-
ments, the log-normal distribution provided the best fit to the
data, with lower values for all 3 evaluation criteria. Figure 3
illustrates the fits of the distributions.

In studies that estimated the production costs of parasitoids,
such as those by Vacari et al. (2012) and Machado et al. (2023),
who analyzed the costs of producing parasitoids of the sugar-
cane borer, the parasitism rate was not considered in the cost
calculations. However, in the present study, this factor was
considered relevant because a higher parasitism rate indicated
a better ratio between the number of hosts offered and the
number of emerged parasitoids. Therefore, we aimed to identify
the optimal parasitism rate by analyzing its distribution in rela-
tion to the number of hosts provided. In a future study, we
hope to establish a model to optimize the cost of mass-rearing
fruit fly parasitoids.

The gamma and log-normal distributions were used to ana-
lyze the average number of parasitoids that emerged after expo-
sure for 3 to 24h. As shown in Fig. 4, both distributions

showed a good fit to the overall data, but the gamma distribu-
tion stood out, particularly in the 12 to 15 h exposure interval,
capturing the observed parasitism pattern more accurately. The
quality-of-fit indicators corroborated this superiority of the
gamma model, showing lower values than the log-normal
model: the AIC was 19.1 for the gamma distribution and 22.6
for the log-normal distribution; the BIC was 19.5 and 22.9 for
the gamma and log-normal distributions, respectively; and the
DPR was 0.5 and 0.6 for the gamma and log-normal distribu-
tions, respectively. These results indicate that the gamma model
not only fits the data well in general but also offers more robust
performance at specific time intervals, reinforcing its suitability
for describing parasitism behavior under different exposure
conditions.

It is important to emphasize that the functional response and
the probabilistic modeling of parasitism rate serve distinct yet
complementary roles in our analysis. The functional response
describes the mechanistic relationship between host density and
the number of parasitized hosts, typically exhibiting nonlinear
patterns such as saturation. In contrast, the use of probability
distributions (eg log-normal and gamma) aims to model the
empirical distribution of parasitism rate observed under differ-
ent experimental conditions. These models account for features
such as skewness and overdispersion in the data, which are
common in biological systems. Thus, the probabilistic approach
does not intend to replace the functional response framework
but rather to provide a flexible and statistically grounded
method for describing variability in parasitism outcomes, espe-
cially in the context of optimizing rearing strategies.

This study not only highlights the success of D. brasiliensis
in parasitizing A. fraterculus larvae but also underlines the
importance of functional responses in understanding parasit-
ism. The results showed that D. brasiliensis exhibited a type 11
functional response, characterized by the number of parasitized
A. fraterculus larvae increasing with host density up to a
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saturation point. In our laboratory experiment, the Type II
functional response is the most appropriate, since the parasitoid
has only one host option and parasitism occurs within a pre-
viously established timeframe. This finding indicates that D.
brasiliensis can be used in biological programs to control A.
fraterculus populations up to a certain density, which should
be promising for planning parasitoid releases and management
strategies in biological control. These findings will contribute
to our understanding of the biology and behavior of D. brasil-
iensis, especially because factors such as handling time and
parasitism rate are crucial for determining the competence of
natural enemies at different pest densities. This information
will also be valuable for the development of future strategies
for managing A. fraterculus. Our analysis of the distribution
of parasitism per host offered and per exposure time of the
hosts showed that the log-normal distribution was the best fit
for parasitism with host variation, whereas the gamma distri-
bution was the best fit for parasitism over time. This analysis
of the distribution of parasitism is important for estimating the
cost of rearing parasitoids, since the parasitism rate is a relevant
aspect for calculating this cost.
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