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Abstract

Management of the whitefly Bemisia tabaci biotype B (Hemiptera: Aleyrodidae) has challenged scientists and famers world-
wide because this insect is highly polyphagous and resistant to traditional control methods. Innovative management tools,
such as the use of the ecosystem service of biological control, are necessary, especially in a century in which sustainable
crop systems are emerging. We investigated how management practices and farm diversity within the property limits affect
the relationship between biodiversity conservation and the biological control of B. tabaci. We determined the mortality
factors of whitefly nymph cohorts on 33 small farms growing tomatoes. The sampled farms formed a gradient of increas-
ing farm diversity and decreasing management intensity. The diversity of natural enemies increased from conventional to
agroecological farms, and predation was identified as the key mortality factor of B. tabaci nymphs on all farm types except
the conventional farms. Biological control provided by biodiversity components (predators, parasitoids and pathogens) was
enhanced on more diverse and less intensively managed farms. Higher predator richness and abundance resulted in more
effective biological control and made it less variable among farms. Different components of natural enemy biodiversity were
conserved and acted in a complementary way on agroecological farms, and the enhanced ecosystem services reduced the
need for insecticides.

Keywords Bemisia tabaci - Conservation biological control - Agroecology - Predators - Organic farming - Ecological pest
management
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Introduction

Landscapes in most countries are a mosaic of fragmented
natural vegetation interspersed with agricultural areas,
including in tropical regions, where most of the biodiversity
is concentrated. For example, Brazil is one of the main pro-
ducers of food and fiber in the world and is a mega-diverse
country with at least two biomes that are considered hotspots
of biodiversity and are threatened by agricultural expansion
(Cerrado and Atlantic Rainforest) (Myers et al. 2000; Klink
and Machado 2005; Colombo and Joly 2010). Reconciling
the demand for food production and biodiversity conser-
vation is a key strategy for enhancing ecosystem services
and human well-being. This can be achieved by managing
agricultural landscapes based on principles of conservation
biology and ecological processes instead of artificial chemi-
cal and external inputs (UN 2017).

The biological control of crop pests is an important eco-
system service that benefits agricultural production and
is influenced by natural ecosystem processes and human
management (Bengtsson 2015). Natural enemy diversity
and abundance can be enhanced through increased habi-
tat complexity that offers alternative prey/hosts, shelters,
improved microclimatic conditions, oviposition sites
and plant-provided food (pollen and nectar) (Begg et al.
2017). In addition, agricultural management practices can
be adapted to benefit natural enemies. The reduction of
disturbance by, for example, broad-spectrum insecticide
spraying, increases the diversity and efficacy of natural
enemies that provide pest control (Bengtsson 2015).

Interestingly, a positive effect on biological control is
not always achieved by increasing the diversity of natural
enemies (Straub et al. 2008; Letourneau et al. 2009; Mac-
fadyen et al. 2011), and this relationship is highly variable
among studies (Bengtsson et al. 2005). In some situations,
key species are responsible for the control of a target pest,
and the identity of the species may be more important
than the diversity (e.g., Ives et al. 2005; Straub and Snyder
2006). Negative effects can occur via behavioral interac-
tions (e.g., intraguild predation, apparent competition),
and habitat structure may play a role in preventing such
negative interactions (e.g., Janssen et al. 2007). Neutral
effects occur when natural enemies share similar niches,
and no gain in functionality is achieved by diverse natural
enemy communities (Ives et al. 2005; Straub et al. 2008).
An additive effect can occur due to complementarity in
resource use (e.g., Macfadyen et al. 2011). However, there
is a need to better understand the interactions among her-
bivores, natural enemies and crop management strategies
at a broader scale, such as at the farm level.

Organic vegetable crop systems are suitable for study-
ing these interactions because ecosystem services are
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usually utilized to reduce pest problems (Zehnder et al.
2007). In such ephemeral crops, the efficiency of pest con-
trol by natural enemies could be directly related to the spe-
cies pool available at the farm, from which natural enemies
could rapidly colonize a new habitat in response to an
increase in herbivore populations (Tylianakis et al. 2005).
The availability of habitats such as agroforestry systems
(Harterreiten-Souza et al. 2014), strips of non-crop plants
(Amaral et al. 2013), aromatic flowering plants (Togni
et al. 2010) and non-cropped areas (Tylianakis et al. 2005)
could serve as a source of these beneficial insects mitigat-
ing the need for adverse management practices, such as
broad-spectrum insecticide spraying (Naranjo and Ells-
worth 2009).

We predict that a more diverse and abundant commu-
nity of natural enemies could be positively related to the
provisioning of the ecosystem service of biological control,
reducing the need for human intervention with external and
artificial inputs. In addition, farms with more diverse habi-
tats within the property limits and that use less intensive
management practices are likely to be more suitable for
biodiversity conservation and functionality. To test these
predictions, we determined the effects of different compo-
nents of biodiversity (predators, parasitoids and pathogens)
on whitefly nymph mortality and evaluated the relationship
between natural enemy conservation and the provisioning of
whitefly biological control in small farms growing tomatoes
in Brazil.

The whitefly Bemisia tabaci biotype B Gennadius
(Hemiptera: Aleyrodidae) is a highly polyphagous herbivore
species that uses more than 500 plant species as host plants
worldwide (Byrne and Bellows Jr. 1991; Oliveira et al.
2001). It has several well-known natural enemies, includ-
ing predators, parasitoids and pathogens that can potentially
interfere with its population dynamics (Gerling et al. 2001).
This species is one of the most important pests of tomatoes
in Brazil and around the world (Oliveira et al. 2013). Tomato
growers in Brazil, especially small farmers, use different
farm designs and management strategies that vary from
monocultures with intensive broad-spectrum insecticide
spraying to organic and agroecological farms with highly
diversified crops and natural pest control. Given the charac-
teristics of B. tabaci and these farm traits, the system used
in this study is relevant for seeking sustainable management
options for combatting this worldwide pest.

Our specific aim was to identify how farm management
practices and farm diversity within the property limits affect
the role of biodiversity in the mortality of B. fabaci popula-
tions. To accomplish this, we addressed the following ques-
tions: (1) Are less intensively managed and more diversified
farms more suitable for the conservation of natural enemies
of B. tabaci? (2) Do farm characteristics and the biodiversity
of natural enemies affect the abundance of B. tabaci adults?
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(3) What is the role of biodiversity as a mortality factor
among B. tabaci nymphs, and how does it vary according
to farm management strategies and diversity? (4) Is there a
relationship between biodiversity conservation and biologi-
cal control?

Materials and methods
Location

The study was conducted on 33 small farms growing toma-
toes in the Brazilian Federal District, Brazil (Fig. 1). The
farms were located in the core of the Cerrado biome, the
Brazilian tropical savanna. The climate of the region is Cwa
semi-humid based on the Koppen—Geiger classification.
The mean temperature ranges from 22 to 27 °C, the average
rainfall is 1200 mm per year, and the altitude ranges from
1000 to 1200 masl (Klink and Machado 2005). There are
two well-defined seasons throughout the year. The wet sea-
son usually occurs from November to March, whereas the
dry season occurs from May to September. The experiments
were conducted during the dry season in 2013 and 2014, and
there was no rainfall during the experimental period.

Farm characterization

At each small farm sampled, we evaluated the plant and
habitat diversity at the farm level as well as the management
practices used (Methods S1 and Table S1). The sampled
farms in the Brazilian Federal District, Brazil, are character-
ized by the employment of family labor, diversity of farm
designs and use of different types of pest management strate-
gies. To classify the sampled farms according to the inten-
sity of management and farm plant diversity, the following
criteria were used (Table S1 and Fig. S1): (a) the presence
and composition of windbreaks, (b) the presence, location
and approximate age of agroforests, (c) the identity of the
species other than tomatoes grown during the experimental
period, (d) the identity of the crops surrounding the tomato
plot, (e) the diversity of the plants within the tomato plot
(crops and non-crop plants), (f) the management of non-
crop plants (within and surrounding the tomato crop), (g)
irrigation management, (h) the presence and type of soil
cover, (i) fertilization (inorganic or organic, including the
type of fertilizers used) and (j) the pest control strategy and
frequency of pesticide spraying (botanical, biological or
chemical pesticides).

Based on these variables, the farms were classified
and grouped into four categories (Fig. 1 and Fig. S1): (1)

categories
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Fig. 1 The studied small farms growing tomatoes in conventional, transition to organic, organic and agroecological cropping systems in the Bra-

zilian Federal District
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conventional (n=10)—high-intensity management and very
low plant and habitat diversity, (2) transition (n =9)—inter-
mediate between conventional agriculture and an organic
system (transition phase) but without meeting all criteria to
be certified as organic, with moderate management intensity
and low plant and habitat diversity, (3) organic (n=8)—a
certified organic farm with low management intensity and
moderate plant and habitat diversity and (4) agroecological
(n=6)—an organic farm using mainly natural processes for
farm management instead of external inputs with very low
management intensity and high plant and habitat diversity.

Insect sampling

Yellow sticky traps (15 cm X 25 cm) were used to evalu-
ate how adult whitefly population levels (abundance) and
the richness and abundance of whitefly arthropod natural
enemies varied among the different farm categories. Five
traps were placed on each farm; they were spaced at least
5.0 m apart at the height of the tomato plant canopy and
between two tomato plants. The traps were maintained in
the field for five days between the second and third weeks
after the tomato plants were transplanted, when plants are
more susceptible to whitefly infestation (Oliveira et al.
2013). Using the same traps, we measured the abundance
of whiteflies and the abundance and richness of arthropod
natural enemies. We identified only the natural enemy spe-
cies that are known as whitefly predators and parasitoids
and were attached to these traps (see details on the species
selected for sampling in Methods S1). Using this method,
we were able to sample whitefly parasitoids in addition to
predators using the same sampling procedure. All species
were identified directly on the traps or were removed from
them and sent to a taxonomist when needed. We performed
the nymph mortality experiment over the same period, as
described below. After this period, the traps were removed,
and the number of whitefly adults per trap was counted. The
whiteflies were identified as B. tabaci biotype B based on
the testing of 10 individuals per farm using random ampli-
fied polymorphic DNA (RAPD) markers. The numbers of
species and the abundance of whitefly natural enemies on
the traps were also evaluated.

Nymph mortality factor experiment

In this experiment, we aimed to determine how the farm cat-
egory influenced the mortality factors of B. tabaci. Groups
of twenty adult whiteflies were randomly collected from a
reared colony and transferred to clip cages (for details, see
Methods S1) using a manual entomological aspirator. A sex
ratio tending toward females was assumed (2:1) (Villas-Boas
et al. 2002); thus, no sex differentiation was conducted.
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Clip cages were individually placed on twenty randomly
selected tomato plants on each farm. Each clip cage con-
tained 20 whitefly adults. All leaves were examined with a
15 X magnifier to check for any whitefly eggs left by local
populations before placing the clip cages. The clip cages
were left in the field for 48 h to allow female oviposition.
Using this method, it was possible to standardize the cohort
age independently from the local population densities. Sub-
sequently, the clip cages were removed, and each leaf con-
taining a leaflet with eggs was marked with a flagging tape.
After 15-20 days, we counted the number of nymphs per
plant at each farm using a 15 X magnifier. This period cor-
responds to the average time between egg deposition and the
fourth instar stage. Moreover, whitefly nymphs are generally
sessile; only first instar nymphs are mobile, but they move
only a few centimeters after hatching (Byrne and Bellows Jr.
1991). Taking into account that the importance of mortal-
ity factors differs as individuals age, we counted the num-
ber of living nymphs of the same age on each leaflet. Five
days after the first nymph sampling in the field, the infested
leaflets were cut and taken to the laboratory to identify the
mortality factors for each cohort. We identified the mortality
factors only for the fourth instar nymphs, which is the stage
that is the most susceptible to the different mortality fac-
tors affecting whitefly development (Naranjo and Ellsworth
2005; Karut and Naranjo 2009). Moreover, only during the
fourth instar it is possible to identify parasitized individuals.
We also recorded the number of live whitefly nymphs on the
leaflets taken to the laboratory.

Five different mortality factors were analyzed based on
the descriptions of Naranjo and Ellsworth (2005). We con-
sidered that an individual was dead because of predation
when an empty, transparent and wrinkled cuticle (sucking
predators) or partially intact cadaver (chewing predators)
was observed. Parasitized individuals presented either the
displacement of mycetomes or a parasitoid larva or pupa
inside the host. Nymphs presenting an evident color change
or hyphal growth were considered dead by pathogens. Dis-
lodgement was estimated by subtracting the number of
nymphs counted on the leaflets taken to the laboratory from
the number of nymphs counted in the field. We assumed that
dislodgment could be caused by several unspecific causes,
including knockdown by insecticide spraying. Finally, all
non-evident causes of death were classified as unknown.

Statistical analyses

The species richness and diversity of the natural enemies
found on the sticky traps were compared among the farm
categories using rarefaction curves and the diversity profiles
obtained using the Rényi function (Ricotta 2003).

To evaluate whether the abundance of natural enemies
was affected by the different farm categories, we fitted a
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linear mixed-effect model (LME). The abundance of natural
enemies per farm was used as the response variable, farm
category was used as the explanatory variable, and year and
location (i.e., different landscapes) were used as random fac-
tors. The model significance was assessed using an F-test.
We then compared the full model with the null model. If
significant differences from the null model were found, we
accepted the final model. When differences in the abun-
dance of natural enemies were found, the factor levels were
compared using post hoc analysis by grouping factor levels
(Crawley 2007). Finally, an analysis of the model residuals
was performed.

The abundance of whiteflies collected on the traps was
compared among the farm categories using the same proce-
dure described for the abundance of natural enemies. The
number of adult whiteflies per trap was used as the response
variable, and the farm category was used as the explanatory
variable. Year of collection and farm location were used as
random factors.

To investigate whether the abundance and variation in
the abundance of whitefly adults among farms were related
to natural enemy richness and abundance, we fitted a linear
model. The variation in the abundance of whiteflies among
farms was measured using the coefficient of variation (CV)
for each farm. The CV for each farm was calculated by
dividing the standard deviation of the number of whiteflies
per farm by the mean number of whiteflies per farm.

To analyze the nymph mortality factors, it was necessary
to consider that there is no obvious sequence of mortality
causes because one cause of death can obscure the action
of another (Naranjo and Ellsworth 2005). To avoid this
methodological bias, the observed (or apparent) mortality
of each mortality factor was transformed into marginal rates
of mortality (Buonaccorsi and Elkinton 1990). The latter
value was transformed into k-values, which are standardized
values that are additive across mortality factors (Varley and
Gradwell 1960).

We evaluated whether the overall mortality rate from
all mortality factors (total K= Xk) was affected by the farm
category by fitting a LME as described above. Each mor-
tality factor (represented by a k-value) was also evaluated
separately to determine whether it was affected by the farm
category. Key mortality factors were quantitatively identi-
fied using the method in Podoler and Rogers (1975), which
consists of regressing individual k-values against the total K.
The mortality factor with the largest slope was considered
to be the key mortality factor (for details, see Methods S1).

Death due to biological control agents (pathogens + para-
sitoids + predators) was identified as an important mortal-
ity factor and was then analyzed separately. To accomplish
this, we evaluated the influence of the farm categories on
the overall mortality due to biological control by summing
the individual k-values for death by predation, parasitism

and pathogens, resulting in a partial total k-value. Then, a
LME was fitted using the overall mortality of nymphs due
to biological control as the response variable, farm category
as the explanatory variable, and year and farm identity as
random factors.

Because predation was identified to be the key mortal-
ity factor at most farms, and its importance varied among
the farm categories, we investigated whether the richness
and abundance of predators could affect the mortality rates
and the reliability of the mortality rates by predation at all
farms. The reliability of the mortality rates was assessed by
calculating the CV of the predation rates per farm, assuming
that lower CV values are related to a higher reliability (i.e.,
lower variance) of predation among farms. We excluded the
parasitoid data from our analysis and fitted a linear model
between the richness of the predator species collected per
farm and the average abundance of predators per farm using
the average predation rates at each farm separately. Subse-
quently, we fitted another linear model between the richness
of the predator species collected per farm and the average
abundance of predators per farm using the CV of the preda-
tion rates per farm. All analyses were performed using the
R software (R Core Team 2017).

Results
Diversity and abundance of natural enemies

A total of 2512 individuals known to be natural enemies
of B. tabaci were collected across all 33 farms and classi-
fied into seven orders, 15 families and 37 species or species
groups (Table S2). More species per sample were obtained
from agroecological farms, followed by transition and
organic farms. The rarefaction curves for conventional farms
rapidly stabilized, indicating lower diversity on these farms
than in the other farm categories (Fig. 2a). The assemblages
of natural enemies on agroecological farms were more
diverse than those on farms of other categories (Fig. 2b).

The mean abundance of natural enemies per farm was
affected by the farm management practices (F=14.88,
d.f.=3, P<0.0001). Fewer individuals were trapped on
conventional farms than on transition farms. Organic and
agroecological farms had the highest abundance of natural
enemies (Fig. 3).

Whitefly population levels

The population levels of adult whiteflies found on the sticky
traps on tomatoes did not differ among the farm categories
(F=1.156, d.f.=3, P=0.345) (Fig. 4). We also did not find
differences in the CV among the farm categories (F =3.66,
d.f.=3, P=0.0691) (Fig. 4). There were no relationships
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Fig.2 Species richness of natural enemies of Bemisia tabaci collected on farms growing tomatoes in conventional, transition to organic, organic
and agroecological cropping systems in the Brazilian Federal District estimated using rarefaction curves (a) and Rényi diversity profiles (b)
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Fig.3 Mean number (+ SE) of natural enemies of Bemisia tabaci per
trap collected on farms growing tomatoes in conventional, transitional
to organic, organic and agroecological cropping systems in the Bra-
zilian Federal District. Means followed by the same letter did not sig-
nificantly differ (P> 0.05) according to a post hoc analysis conducted
by grouping factor levels

between the adult whitefly population levels and the rich-
ness (R?=—0.025, F=0.264, d.f. =29, P=0.611) or abun-
dance of natural enemies per farm (R*=0.037, F=1.114,
d.f.=29, P=0.299). Similarly, the CV of the whitefly popu-
lation levels at each farm was not related to the abundance
(R2= —0.034, F=0.001, d.f. =29, P=0.970) or richness
(R*=-0.011, F=0.691, d.f. =29, P=0.413) of natural
enemies.

Nymph mortality factors
The average cohort mortality of B. rabaci nymphs was back-

transformed from k-values and was estimated as 28.2%
for conventional farms, 47.6% for transition farms, 57.6%
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Fig.4 Mean number (+SE) of Bemisia tabaci adults per trap on dif-
ferent farms growing tomatoes in conventional, transition to organic,
organic and agroecological cropping systems in the Brazilian Federal
District. The “X” indicates the mean, and CV indicates the coefficient
of variation

for organic farms and 70.2% for agroecological farms.
The overall mortality of B. tabaci nymphs (K) was sig-
nificantly affected by the farm category (F=31.59, d.f. =3,
P=<0.0001). Agroecological farms presented the high-
est mortality rates (k-values) (Fig. 5). From conventional
farms to transition and organic farms, the overall mortality
of nymphs approximately tripled. The overall mortality of
nymphs doubled from these categories to agroecological
farms (Fig. 5).

Decomposing the overall mortality to specific causes
of death, we observed that predation (F=15.83, d.f. =3,
P <0.001), parasitism (F=10.78, d.f. =3, P=0.0001),
dislodgement (F=4.06, d.f. =3, P=0.016) and pathogen
attack (F=20.60, d.f. =3, P <0.0001) were affected by farm
diversity and the intensity of management, while unknown
causes were not (F=2.36, d.f. =3, P=0.093). Comparing
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Fig.5 Mean levels of mortality factors expressed as k-values affect-
ing the total mortality of Bemisia tabaci nymphs on farms growing
tomatoes in conventional, transitional to organic, organic and agro-
ecological cropping systems in the Brazilian Federal District. Means
followed by the same letter did not significantly differ (P>0.05) in
terms of overall mortality (3 k-values) in each farm category accord-
ing to a post hoc analysis conducted by grouping factor levels

these causes of death within farm categories using post hoc
analysis by grouping the factor levels, predation was lower
on conventional than on transition (Likelihood ratio=13.31,
d.f.=6, P=0.0003), organic (L-ratio=11.93, d.f.=6,
P <0.0001) and agroecological farms (L-ratio=26.21,
d.f.=6, P<0.0001). However, predation presented inter-
mediate and similar values on transition and organic farms
(L-ratio=0.06, d.f. =6, P=0.799), which were lower than
those on agroecological farms (L-ratio=7.28, d.f. =6,
P=0.007) (Fig. 5). Parasitism did not differ on conventional
and transition farms (L-ratio=3.45, d.f. =6, P<0.0001)
and was lower than that on organic (L-ratio=13.63, d.f. =6,
P=0.0002) and agroecological farms (L-ratio=17.54,
d.f.=6, P<0.0001). However, death by parasitism did
not differ between the organic and agroecological farms
(L-ratio=0.89, d.f. =6, P <0.344). Dislodgment was lowest
on conventional and transition farms, and the dislodgement
values did not differ on these two farm types (L-ratio=0.13,
d.f.=6, P=0.714). Although the values were higher than
those in these categories (L-ratio=4.76, d.f. =6, P=0.029),
death by dislodgment was similar on organic and agroeco-
logical farms (L-ratio=0.69, d.f. =6, P=0.407). Death by
pathogen attack did not differ among conventional, transition
and organic farms (L-ratio=4.82, d.f. =6, P=0.0899), but it
was higher on agroecological farms (L-ratio=21.39, d.f. =6,
P <0.0001) (Fig. 5).

Predation was identified as the key mortality factor on all
farm types except conventional farms (Table 1). On transi-
tion and organic farms, dislodgement was also a prominent
mortality factor for B. tabaci nymphs. On conventional
farms, dislodgement was identified as the key mortality fac-
tor, but predation also played a role, while parasitism was
almost negligible (Table 1). Unknown causes of death were

relatively consistent among the different farm categories
(Table 1).

Role of biological control

The overall mortality due to biological control agents
(predators + parasitoids + pathogens), back-transformed
from k-values, represented 35, 71.6, 69.32 and 77.3% of
the overall mortality observed among all cohorts on con-
ventional, transition, organic and agroecological farms,
respectively. Death by biological control was affected by
the farm category (F=19.27, d.f. =3, P <0.0001). Conven-
tional farms presented mortalities that were similar to those
on transition farms (L-ratio=0.02, d.f. =6, P =0.8898), dif-
fering from organic (L-ratio="7.52, d.f. =6, P=0.023) and
agroecological farms (L-ratio=30.22, d.f. =6, P <0.0001).
The mortality due to biological control was higher on agro-
ecological farms than organic farms (L-ratio=14.61, d.f. =6,
P=0.0001).

As mortality by predation caused the most nymph mortal-
ity, we investigated whether the mean predator abundance
and richness per farm could have affected the predation
rates and the CV (i.e., reliability) of the predation rates on
all farms. Farms with a higher abundance and richness of
whitefly predator species presented higher predation rates
(Fig. 6a, b) and a lower CV of predation rates (Fig. 6¢c, d).

Discussion

Our study demonstrated a positive relationship between bio-
diversity conservation and the provisioning of the ecosystem
service of biological control on small farms in a tropical
biome threatened by agricultural expansion. Less intensively
managed and more diverse farms are more suitable for bio-
diversity conservation and sustainable pest management.
Therefore, biological control is provided by the combined
effects of human and natural capital and can be managed by
varying the input from each counterpart (Bengtsson 2015).
Such an approach is also in line with the United Nations
recommendations for a reduction in pesticide use via the
promotion of agroecology and with the previous Convention
on Biological Diversity (UN 2017).

Biological control agents increased in their importance
as mortality factors of the worldwide pest B. tabaci from
conventional to agroecological farms. Among these, preda-
tion was the most important mortality factor, with predator
diversity favoring biological control and increasing its reli-
ability (i.e., by being less variable) among farms.

More diverse assemblages of natural enemies were found
on agroecological farms. However, the natural enemy abun-
dance reached maximum values on the organic farms, with
no differences from those on agroecological farms. As a
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Table 1 Key factor analysis

; Mortality factors Step Apparent mortality
and apparent (proportional)
mortality factors (+SE) 1 2 3 4
affecting Bemisia tabaci
nymphs on farms growing Conventional
tomatoes in conventional, Predation 0.226 0.699 0.089+0.013
transitional to organic, organic Parasitism <=0.001 <=0.001 -0.002 0.009 0.0008 0.0005
and agroecological cropping
systems in the Brazilian Federal Pathogens 0.043 0.117 0.178 0.824 0.009 +0.002
District Dislodgment 0.711 0.128+£0.018
Unknown 0.045 0.172 0.777 0.053+0.012
Transition
Predation 0.661 0.297+0.027
Parasitism 0.008 0.032 0.175 0.341 0.035+0.006
Pathogens 0.028 0.086 0.364 0.662 0.031+0.007
Dislodgment 0.267 0.772 0.082+0.019
Unknown 0.036 0.111 0.463 0.031+0.008
Organic
Predation 0.411 0.208 +£0.020
Parasitism 0.053 0.096 0.147 0.309 0.069+0.010
Pathogens 0.062 0.140 0.343 0.692 0.051+0.009
Dislodgment 0.293 0.444 0.216+0.029
Unknown 0.180 0.319 0.510 0.031+0.011
Agroecological
Predation 0.371 0.389+0.027
Parasitism 0.011 0.018 0.100 0.169 0.063 +0.009
Pathogens 0.329 0.545 0.095+0.018
Dislodgment 0.140 0.228 0.507 0.119+0.019
Unknown 0.139 0.210 0.393 0.831 0.035+0.009

Values represent the slopes of regressions of k-values (partial mortality rates) of each mortality factor on
the total K (Xk) for each farm category. During each step, the largest slope was eliminated to evaluate the
relative contribution of each mortality factor. Values in bold are considered to be the key mortality factors

for each farm category

general trend, habitat diversity associated with organic
management positively affects the diversity and abundance
of natural enemies (Letourneau et al. 2011; Isbell et al.
2017). The mechanisms underlying these benefits on the
more diverse farms could be related to habitat diversity and
complexity. For example, agroforestry systems occurring
near horticultural crops serve as a high-quality source of
generalist predators that colonize nearby vegetable crops
(Harterreiten-Souza et al. 2014). Similarly, non-crop habitats
provide a great number of parasitoid (Macfadyen et al. 2011)
and predator species (Amaral et al. 2015). These farm traits
can favor the coexistence of more species that use different
types of resources in the same habitat but not necessarily
their abundance (Bianchi et al. 2006). Conversely, pesticides
and intense management tend to reduce natural enemy bio-
diversity, resulting in more homogeneous communities on
conventional farms (Geiger et al. 2010; Crowder et al. 2010).

In contrast to those of natural enemies, the population
levels of adult whiteflies were not affected by farm diver-
sity and management. Adult mobile polyphagous insects,
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such as whiteflies, are less affected by crop diversification
because they can use a wide variety of hosts for feeding
but not necessarily for reproduction (Bernays 1999). This
was previously observed in organic and conventional tomato
crops planted in monoculture or intercropped with coriander
in Brazil (Togni et al. 2009). Natural enemies also did not
affect the population levels of adult whiteflies. This might
have occurred because there are a few species known to be
natural enemies of adult whiteflies (Gerling et al. 2001). In
our sample, there were only two arthropod groups (Doli-
chopodidae flies and spiders) that potentially prey upon
adult whiteflies. Therefore, knowing natural enemy species
traits is imperative in applied research focusing on the use of
biodiversity in ecological pest management (Kremen 2005;
Perovic et al. 2017).

Although no effect on adult abundance was observed,
nymph mortality differed among the farm categories. Preda-
tion was the key mortality factor of nymphs in all farm types
except conventional farms. Predation was also identified as
a key mortality factor of third and fourth instar nymphs of
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B. tabaci in cotton fields in the USA (Naranjo and Ellsworth
2005) and in Turkey (Karut and Naranjo 2009) and was
found to play a significant role in mortality in cassava fields
in Uganda (Asiimwe et al. 2007). In terms of parasitism, a
farm solely using organic practices and reducing the use of
insecticides (synthetic or not) was sufficient to maintain the
ecosystem service of nymph parasitism. Pathogens presented
an additive effect on nymph mortality on agroecological
farms. This could have occurred due to the better micro-
climatic conditions, availability of perennial habitats such
as agroforestry systems and less intensive soil management
where many species of pathogens live (Klingen et al. 2002).
Furthermore, if the ecosystem service of biological control
compensates for the need for artificial and intensive pest
control, as in our study, conserving it is a suitable manage-
ment practice for whitefly control among organic growers.
Dislodgment also played an important role in mortality,
being the key mortality factor of nymphs on conventional
farms. Dislodgment can be caused by intrinsic or extrinsic
factors, such as when a newly formed nymph fails to rein-
sert its mouthparts into the plant tissue (Walker and Perring
1994) or due to abiotic conditions (e.g., wind speed, tem-
perature, relative humidity) (Naranjo and Ellsworth 2005).
Water drops from overhead sprinkler irrigation—an extrinsic
factor—reduces adult establishment in crops because they
tend to move between plants more often for feeding and
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mean abundance of predators per farm (d) on 33 small farms growing
tomatoes in the Brazilian Federal District

reproduction (Castle et al. 1996), disrupting insect—plant
interactions. This could be true for most farms, but the con-
ventional farmers used only drip irrigation. On conventional
farms, we observed growers applying insecticides directly
over the tomato plants using manual spraying. We hypoth-
esized that the drops of insecticide during spraying or the
knockdown effect on nymphs could be the major factor
responsible for nymph dislodgement on such farms. This
remains to be tested because it is difficult to disentangle the
factors that specifically cause dislodgment. The mortality
caused by insecticides may also explain the evenness in the
abundance of adults despite the differences in nymph mortal-
ity among the farm categories.

Increasing the abundance and richness of predators leads
to higher rates of B. tabaci nymph predation. Interestingly,
the relationship between biodiversity and ecosystem service
functioning could be context dependent, in which key spe-
cies can control pests rather than assemblages of multiple
predators in some cases (Straub et al. 2008), while natural
enemy diversity can positively impact biological control in
others (Snyder et al. 2006; Macfadyen et al. 2011). Our study
supports the hypothesis that biodiversity may be directly
related to pest control, likely due to complementarities in
the resource use of different species of predators in tropi-
cal agroecosystems. Moreover, a more diverse and abun-
dant assemblage of whitefly predators resulted in a more

@ Springer



402

Journal of Pest Science (2019) 92:393-403

reliable (lower CV) and constant mortality of whiteflies.
Similarly, Macfadyen et al. (2011) found that parasitoid rich-
ness resulted in lower variation in pest control over time on
organic farms but not on conventional farms. Therefore, a
higher richness and abundance of predators is also related to
the reliability of whitefly control, mainly in organic crops.

In conclusion, more diversified and less intensively man-
aged farms are more suitable for the conservation of natural
enemies of B. tabaci, which are the main causes of nymph
but not adult death. However, solely using organic practices
has a limited impact on B. tabaci mortality. It is necessary
to manage farms in order to facilitate the natural provision-
ing of biological control, which reduces the need for human
intervention. Brazil is one of the main users of pesticides in
the world (Bombardi 2017), and it was demonstrated here
that a worldwide pest, B. tabaci, can be managed without
the need for such products. The Cerrado is the second larg-
est biome in Brazil and is the biome that is most threatened
by agricultural expansion (Myers et al. 2000; Klink and
Machado 2005). In this sense, our results provide evidence
that there are several strategies that can be used to reconcile
agricultural production with biodiversity conservation and
ecosystem service functioning.
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