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Abstract Three developmental stages of the Medi-
terranean fruit fly, Ceratitis capitata (Wiedemann)
(Diptera: Tephritidae), can be found in the soil (late
third instar larvae, pupae, and teneral adults). These
stages are susceptible to predation by generalist
ground-dwelling predators. Our objectives have been
to investigate the association between ground cover
management (bare soil, a seeded cover of Festuca
arundinacea and a mulch of straw), the emergence
success of C. capitata, and the activity density of the
most important groups of ground-dwelling preda-
tors (spiders, beetles, ants and earwigs). As expected,
C. capitata emergence was lower in a seeded cover
of Festuca arundinacea (FA) and a mulch of straw
M) (10.2%) relative to bare soil (BS) (13.2%). This
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was related to higher diversity and activity density
of ground-dwelling predators in FA and M com-
pared to BS. The contribution of the ground-dwell-
ing predators considered in this study to this reduc-
tion highlights the key role of beetles, earwigs and,
to a lesser extent, ants, while the contribution of the
most abundant group of ground-dwelling predators,
spiders, remains unclear. Ground covers appear as a
strong and sustainable conservation biological control
method that should be taken into consideration for the
management of C. capitata populations.
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Introduction

The Mediterranean fruit fly, Ceratitis capitata
(Wiedemann) (Diptera: Tephritidae), is a highly
invasive agricultural pest which has been reported
on more than 300 plant species including fruits, veg-
etables and nuts (CABI 2019). Adult females cause
fruit rotting after oviposition and the consequent lar-
val activity on the fleshy mesocarp of mature fruits
often resulting in complete yield loss. In temperate
areas, most severe damage occurs in stone fruit, as
well as citrus, where this species seeks refuge dur-
ing winter (Jacas et al. 2010). Economic costs include
direct crop losses, control and prevention of C. capi-
tata infestation, both pre- and post-harvest, and lim-
ited or loss of access-free export markets. Total dam-
age caused by tephritids in all production, harvesting,
packing, and marketing worldwide were estimated
to amount to more than two billion dollars annually
(Enkerlin 2005).

Until recently, the control of C. capitata has been
mostly based on the use of insecticides, which can
be used as bait (together with a food attractant) or as
cover sprays. Because no single measure can effec-
tively control C. capitata infestations, these treat-
ments have been often combined with alternative
non-chemical methods including: (1) cultural prac-
tices like fruit bagging (CABI 2019) or removal and
destruction of infested fruit (Chueca et al. 2013), (2)
pheromone trapping, with different techniques like
mass trapping or lure-and-kill (Navarro-Llopis et al.
2015), (3) biological control, either classical, aug-
mentative, or conservation (Argov and Gazit 2008;
Monzé et al. 2011), and (4) the sterile insect tech-
nique (Kouloussis et al. 2017), often in the context
of area-wide control programs (Enkerlin et al. 2017,
Pla et al. 2021). Unacceptable eco-toxicological side-
effects of pesticides, including the development of
insecticide resistance in C. capitata (Guillem-Amat
et al. 2020), has led to an increasingly reduced num-
ber of active substances available to target this pest.
Thus, there is a clear need to develop more sustain-
able methods to control C. capitata. In this context,
conservation biological control, aiming at enhancing
the impact of resident natural enemies on C. capitata,
should play an increasingly important role.

Three developmental stages of C. capitata can
be found in the soil, namely late third instar larvae
(LIID), which drop from fruit to the ground, burrow

@ Springer

in the soil, and form puparium, pupae, and teneral
adults, which remain on the ground until they can fly.
These stages are susceptible to predation by generalist
ground-dwelling predators (Monz¢ et al. 2008). The
establishment and management of an organic ground
cover made of compost, straw or living grasses, is a
common conservation biological control tool used
to enhance the populations of these natural enemies
but also other provisioning and regulating ecosystem
services. Among organic ground covers, COver crops
and straw mulching can be used in perennial crops
like fruit orchards. They can also mitigate non-sus-
tainable soil losses, frequent in many Mediterranean
areas, associated with the expansion of drip irrigation
on sloping terrain and the widespread use of glypho-
sate for weed control (Keestra et al. 2019). Cover
crops often consist of inter-tree herbal strips, which
may extend as a continuous cover across the orchard.
They usually include Poaceae and Fabaceae self-
regenerating species which selectively benefit natural
enemies rather than their target phytophagous prey
(Paredes et al. 2015). A cover crop based on the grass
Festuca arundinacea L. (Poales: Poaceae) improved
the natural control of mites (Aguilar-Fenollosa et al.
2011a), thrips (Aguilar-Fenollosa and Jacas 2013)
and aphids (Gémez-Marco et al. 2015), and boosted
the populations of ground-dwelling predators of C.
capitata, including beetles of the families Carabidae
and Staphylinidae and spiders of the family Lycosi-
dae (Monz6 et al. 2011), in citrus. Straw mulching
has often been used with the main goal of suppress-
ing weeds and preventing erosion (Prosdocimi et al.
2016). It can also boost the density of the ground-
dwelling predators (Johnson et al. 2004). Because this
is the predator group of interest for a better control of
C. capitata ground-dwelling stages, in this study we
investigated the fate of late LIII of C. capitata asso-
ciated with three soil management techniques (bare
soil, a seeded cover of F. arundinacea, and a mulch
of wheat straw) and the emergence of the resulting
adults along the year. Further, we evaluated the effect
of these techniques on the activity density of the main
groups of generalist ground-dwelling predators. Our
objectives were to investigate the association between
ground cover management and (1) the emergence
success of C. capitata; and (2) the abundance of the
most important groups of ground-dwelling predators
of C. capitata. We expected that enhanced activity of
predators in a seeded cover of F. arundinacea and in
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a mulch of straw would reduce C. capitata successful
development in these covers relative to bare soil.

Material and methods
Experimental orchard

Experiments were carried out from winter 2019 to
autumn 2021 in a 1 ha citrus orchard located in Les
Alqueries (province of Castelld, Spain, 39° 54'N,
00° 06'W). Trees were 20-year-old ‘“Clemenules”
mandarins [Citrus clementina Tanaka (Rutaceae)]
grafted on citrange Carrizo (Poncirus trifoliata (L.)
Rafinesque X Citrus sinensis (L.) Osbeck). Rows were
6 m apart from each other and followed a N-S ori-
entation. Within rows, trees were spaced 4 m, drip-
irrigated, and maintained weed-free by herbicide
treatments (glyphosate). Twenty-four adjacent trees in
two consecutive rows (12 trees per row) in the middle
of the orchard were removed in 2014 and replanted
in late summer 2019 with two-year-old clementine
trees (same scion-rootstock combination). These 24
trees were individually enclosed in an aluminum cage
(4 x4 x4 m) covered with a rigid nylon mesh (10x 14
threads cm™2) on all sides but one (the western side
of the western row and the eastern side for the eastern
row). These cages received one of the three ground
management treatments considered in this study,
which were randomly distributed within each of the
rows (i.e., four cages per treatment per row).

The first treatment was bare soil (BS) by means of
herbicide application (glyphosate + 2-methyl-4-chlo-
rophenoxyacetic acid—MCPA). The second treat-
ment consisted of a homogeneous cover of F. arun-
dinacea (FA; ‘Férmula Frutales y Citricos’, Semillas
Fité S.A., Barcelona, Spain), which was established
in early autumn 2019 and subsequently mowed twice
per season with grass clippings left in place. The
third treatment consisted of a mulch of straw (M),
which was also established in early autumn 2019 at
a rate of 0.7 kg m™ and supplemented with the same
amount of straw once per season. In all cases, the
vicinity of the tree was maintained free of weeds, F.
arundinacea, or straw by mechanical means. A data-
logger (CEM, model DT-171; https://www.cem-instr
uments.com/en/Product/detail/id/980), which contin-
uously monitored temperature and RH values at 1-h
intervals, was set in one of the cages. Daily rainfall

measurements were obtained from the meteorologi-
cal station of Vila-Real (http://riegos.ivia.es/lista
do-de-estaciones/vila-real), located 5 km NW of the
orchard.

Ceratitis capitata stock colony

The experiment was conducted using LIII (males
and females) of Vienna 8P3~ GSS-Valencia genetic
sexing strain obtained from a mass-rearing facility
located in Caudete de las Fuentes (Valencia, Spain)
(Pla et al. 2021). When LIII abandoned the diet in
which they developed, they were collected in a con-
tainer filled with water. These larvae were transferred
to a 2 I container with water and kept at 12 °C until
used in the experiments.

C. capitata management

From December 2019 to September 2021, once per
month, around 1500 LIII were transferred to Uni-
versitat Jaume I (UJI) facilities and split in groups
of 100. Two of these groups were kept in the labora-
tory and 12 were further processed in the field. One
of the two laboratory groups was introduced into
a 10 cm in diameter Petri dish and wrapped in alu-
minum foil, while the other one was set on top of a
21.5 cm diameter and 19 cm high pot containing a
mixture of vermiculite and peat (1:3; vol:vol) watered
to field capacity. Both groups were transferred to a
climatic cabinet at 25:20 °C and a 16:8 L:D photoper-
iod. Subsequently, pupariation and adult emergence
were scored. These values were used to correct values
recorded for field-released insects (see below). The
remaining 12 groups of LIII were eventually released
in the field, two per treatment and row, which were
randomly assigned to the corresponding treatment
cages. LIII were released in an emergence trap
(see Supplementary Fig. S1) consisting of a 15 cm
long and 12 cm diameter toilet soil pipe fitted with a
rubber band to a bottomless transparent plastic bottle
of the same diameter and 35 cm long, with a zenithal
ventilation hole covered with a mesh. Prior to the
release, a hole of the same dimensions as the soil pipe
was dug by carefully extracting a soil cylinder. Then
the pipe was put in place and the previously drilled
soil cylinder introduced into the pipe. LIII were trans-
ferred to the surface of the soil cylinder within the
trap, which was covered with the bottomless bottle
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to protect them from predation. Two days later, when
LIII should have burrowed in the soil to pupate, the
bottles were removed and the number of individuals
(either larvae or pupae) remaining on the top of the
soil cylinder within trap were counted. This figure
was considered as representative of larval mortality
(i.e., individuals either dead or fully exposed to pre-
dation). Then, the trap was left uncovered to allow
full exposure of the buried individuals (late LIII) to
natural enemies and abiotic conditions. Based on the
temperatures measured in the orchard, the thermal
constant and the lower development threshold of C.
capitata (260 degree-days and 11 °C, respectively;
Escudero-Colomar et al. 2008), the emergence date
was estimated. Two to three days before reaching
that date, the bottomless bottle was put in place again
to capture the emerging flies. The bottle included a
transparent plastic sheet sprayed with tangle-trap®.
Traps were inspected every 2-3 days and adults
found stuck on the glue were counted and removed.
The whole trap was removed after seven days with no
captures. Field larval mortality and adult emergence
(%) were calculated based on the number of larvae
and adults counted. These percentages were corrected
with the corresponding laboratory values (Abbott
1925).

Pitfall traps

To identify potential above-ground predators of C.
capitata, a pitfall trap was set in one cage per treat-
ment (three traps in total). Traps consisted of a plas-
tic jar (12.5 cm diam., 12 cm depth), with a plastic
funnel fitted to its upper edge. A plastic container
(250 ml) half filled with a 3:1 mixture of water and
ethanol, and 1.25% antifreeze, was placed inside
the plastic cup. The three cages were selected at the
beginning of the experiment and were not consid-
ered when assigning the emergence traps. Traps were
serviced every 15 days. Captures were transported
to the laboratory where they were sorted out. Speci-
mens were categorized into the following generalist
soil predator groups: beetles (carabids and staphyli-
nids), earwigs, ants, and spiders (mostly lycosids).
Although some species of Carabidae and Staphyli-
nidae are herbivorous (Maddison et al. 2009; Rischen
et al. 2021), we counted all specimens within these
families as generalist soil-dwelling predatory beetles.
Other ground-dwelling coleopteran families where
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predation does not prevail (i.e., Silphidae, Tenebrio-
nidae) were excluded from this category. Counts were
expressed as activity density (specimens collected/
days of trap activity).

Statistical analysis

Corrected larval mortality and adult emergence were
modeled using Generalized Linear Mixed Models
(GLMM) with a binomial distribution of the error
and a logit link function. Ground-predator functional
group activity density values were modeled using
GLMM with a Gaussian distribution of the error and
identity link function. In all cases, treatment (BS, FA,
or M) was used as a fixed factor and the dates when
emergence traps were set as a random factor. Once
differences between treatments were established, the
same variables were further analyzed in each cover
separately. For larval mortality and adult emergence
we used General Linear Models (GLM) with a bino-
mial distribution of the error and a logit link function.
For larval mortality, mean temperature and mean RH
during the two days following larval release were
used as fixed factors. For adult emergence we used the
same factors referred to the whole period extending
from larval release to adult emergence (which ranged
from about eight days in summer to three months in
winter), as well as the accumulated rainfall and the
maximum activity density of spiders, beetles, ants,
and earwigs recorded during that period. When mod-
eling each predator group, we used a GLM with a
Gaussian distribution of the error and identity link
function and considered the same variables as for
adult emergence but excluded the predator group
modeled. Because we expected a non-linear relation-
ship between the abiotic factors taken into account,
the models included the effect of linear and quad-
ratic combinations of these variables. Due to the high
number of covariates in the models, no interactions
among factors were considered. Models were refined
by progressively removing non-significant (P> 0.05)
factors. Akaike information criterion (AIC) (Akaike
1974) was used to select the best model. When nec-
essary, pairwise comparisons were made using Tukey
post-hoc test (P<0.05). The R software (R Core
Team 2021) was used to fit the models. Package lme4
(Bates et al. 2015) was used to fit both GLMMs and
GLMs, and package multcomp (Hothorn et al. 2008)
was used to perform the pairwise comparisons.
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Table 1 Statistics (F; P-value) of the GLMMs adjusted to lar-
val mortality (AIC=3024.9) and adult emergence of C. capi-
tata (AIC=2629.0), to spider, beetle, ant, and earwig activity
density (AIC=944.4, 671.2, 857.7 and 329.7, respectively)

F P-value Mean+SE

BS M FA

Larval mortality (%)

99.78  <0.001 9.26+1.57°
Adult emergence (%)

2328 <0.001 13.17+1.85* 10.46+1.72° 9.94+1.66°
Spider activity density (specimens per trap per day)

84.56  <0.001 3.63+0.44° 10.45+0.87* 7.26+0.56"
Beetle activity density (specimens per trap per day)

9.19+1.92° 15.06+1.51*

80.23 <0.001 0.61+0.13¢ 2.03+027°  3.71+037%
Ant activity density (specimens per trap per day)
17.38  <0.001 1.44+036°  238+0.30° 3.06+0.29°

Earwig activity density (specimens per trap per day)
26.07 <0.010 0° 1.12+£0.22*  0.39+0.07°

Time was considered as a random factor and treatment (bare
soil-BS, mulch of straw-M and F. arundinacea cover-FA) as a
fixed factor; df were 2 and 237 for larval mortality and adult
emergence, and 2 and 178 in all remaining cases except for
earwigs, where df were 1 and 118. Within each row, means
followed by the same letter are not different (Tukey’s post-hoc
test, P>0.05)

Results

Mean daily values of temperature, RH and rainfall
registered during the assays are shown in Supplemen-
tary Fig. S2 and S3. The mean temperature inside the
cages ranged from 4.5 to 29.9 °C (mean: 18.0 °C).
The absolute minimum and maximum tempera-
tures ranged from — 0.4 to 24.3 °C (mean 13.2 °C)
and 6.0 to 37.9 °C (mean 23.5 °C), respectively. RH
ranged from 32.6 to 97.9% (mean 68.8%). A total of
974.12 mm of rain were registered during the sam-
pling period, with a mean of 40.0 mm per month,
with four episodes of heavy rain (>40 mm in 24 h)
on December 4, 2019; March 31, 2020; November
4, 2020; and April 22, 2021. Maximum and mini-
mum mean monthly values of rainfall corresponded
to November 2020 (126.0 mm) and February 2020
(0.6 mm), respectively.

Larval successful pupariation in the laboratory
was 100%. As a consequence, field-collected data
needed no correction. The GLMM fitted to these
values showed significant differences between cov-
ers (Table 1). Highest mortality of C. capitata larvae

corresponded to FA (15.1%) and there were no sig-
nificant differences between M and BS (9.2%). When
the different covers were separately analyzed with
GLMs considering temperature (T) and RH as ran-
dom factors, the best fit included the linear and the
quadratic forms of both factors with the exception of
the linear form of RH in BS and its quadratic form
in FA. Consequently, this factor was removed from
the corresponding models (Supplementary Table S1).
The relationship between T and RH and larval mor-
tality was positive in all cases except for RH in M,
where the relationship was negative. As a conse-
quence, within the T range of this study, the higher
the T, the higher larval mortality. The same applied
to RH except in M, where the higher RH, the lower
larval mortality.

Mean adult emergence under laboratory condi-
tions was 92.1%, ranging from 82.0 to 99.0%. These
values were used to correct the corresponding field
monthly values. Although emergence traps set from
December to February were maintained on site for up
to three months, adult emergence was nil during these
months on both seasons irrespective of the ground
cover. These periods coincided with minimum tem-
peratures mostly below 10 °C (Supplementary Fig.
S2) and damp soil. As this situation precluded the
establishment of an emergence date which could be
used to close the period for the counting of ground-
dwelling predators, these periods had to be discarded
for the GLMs relating adult emergence and preda-
tor activity density. A total of 759 predators were
collected from December 2019 to September 2021;
347 specimens in M, 316 in FA and 96 in BS. The
GLMMs fitted to adult emergence and to ground-
predator group activity density showed that there
were significant differences between covers (Table 1).
Lowest adult emergence corresponded to M and FA
(10.2%). Highest emergence occurred in BS (13.2%),
where the activity density of spiders, beetles (car-
abids and staphylinids), ants and earwigs were lower
than in the other two covers. Indeed, earwigs could
not be found in BS. Activity density of spiders and
earwigs were higher in M, as those of beetles and ants
were in FA (Table 1). While spiders and beetles were
active all year round, ants and earwigs were mostly
absent during the coldest months. The GLMs used to
explain adult emergence and predator activity den-
sity showed that the effect of the different factors

@ Springer
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Fig. 1 Results of the GLMs explaining (1) adult C. capitata
emergence as a function of the activity density of different
ground-predator groups (spiders, beetles, earwigs and ants),
as well as temperature (T), RH and rainfall (P), and (2) the
activity density of each predator group as a function of those
of the other predatory groups, T, RH and P in the three dif-

considered changed with the cover and species/group
considered (Fig. 1).

Adult C. capitata emergence was negatively
related to temperature in all covers. It was also neg-
atively related to RH in FA and to rainfall in M but
the opposite was observed in the other two covers
(Supplementary Table S2). Adult emergence was
also negatively related to beetle and earwig activity
density irrespective of the cover, and to ant captures
in FA. However, adult emergence was positively
related to ant captures in the other two covers, simi-
lar to what was observed for spiders regardless of
the cover considered. Spider activity density was
negatively related to temperature, RH and rainfall in
all three covers and was positively related to bee-
tles in BS and FA, and to ants in M and FA (Sup-
plementary Table S3). Beetle activity density was
negatively related to temperature and RH in BS and
M but was positively related to these factors in FA.
Rainfall had differing effects on beetles. The effect
was positive in BS but negative in FA. In general,
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ferent ground covers treatments (bare soil-BS, mulch of straw-
M and F. arundinacea cover-FA). Black and grey arrows and
letters (T, RH, P) represent negative and positive correlations
(P<0.05), respectively (see Supplementary Tables S1-S6).
Non-significant correlations are not shown

beetle activity density was positively related to
those of other predators except for ants in FA (Sup-
plementary Table S4). Ants positively responded
to temperature, RH and rainfall irrespective of the
cover. Their relationship with other predator groups
was mostly positive except for beetles in FA (Sup-
plementary Table S5). Finally, earwigs, which
could not be found in BS, were positively affected
by temperature and RH in M only and showed a
positive relationship with beetles and ants in M and
FA (Supplementary Table S6).

Discussion

Our results show that, as expected, C. capitata emer-
gence was lower in FA and M relative to BS, and
this could be related to higher diversity and activity
density of ground-dwelling predators in FA and M
compared to BS. Both adult emergence and preda-
tor activity density depended on the abiotic factors
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considered (temperature, RH and rainfall). Although
the responses to these factors barely changed for spi-
ders (mostly negative) and ants (mostly positive) irre-
spective of the cover, they did so for predatory beetles
(positive in FA but negative in the other two covers)
and for C. capitata (positive for temperature in all
covers but diverse for the RH and rainfall) (Fig. 1).
Different studies have demonstrated that ground
covers (either a crop or a mulch) partially intercept or
reflect the solar radiation, thus reducing the radiation
absorption of soil, which results in lower soil and air
temperature nearby compared to bare soil. Addition-
ally, fluctuation magnitude of soil temperature in soils
with a ground cover is smaller (Ni et al. 2018; Yang
et al. 2018). Cover crops also reduce soil bulk den-
sity and improve soil structure and hydraulic proper-
ties (Koudahe et al. 2022). Yang et al. (2018) demon-
strated that a mulch of straw increased soil moisture
compared to bare soil, while Ni et al. (2018) found
that water content in vegetated soils depended on the
season. While it was lower by up to 50% compared
to bare soil during the summer, during autumn water
content could be up to 70% higher, a consequence
of low soil temperature inducing lower root water
uptake. Based on these studies, we can infer that (1)
BS was most probably exposed to wider daily and
seasonal thermal fluctuations and lower water con-
tent compared to FA and to M, and (2) M most prob-
ably increased soil moisture compared to the other
two covers independently of the season while FA
decreased it in summer and increased it in winter.
Increased water retention could justify why rain-
fall positively affected survival of late LIII larvae but
negatively affected below-ground development of C.
capitata immature stages in M, whereas the oppo-
site occurred in FA and BS. Quesada-Moraga et al.
(2012), using a parametric model describing the effect
of temperature and soil moisture on the probability
of C. capitata completing the preimaginal develop-
ment at different temperature-soil moisture combina-
tions [15-35 °C and 1-17.0% (wt:wt)], concluded that
adult emergence increased with increasing tempera-
ture and soil moisture, ranging from 32.1% at 15.0 °C
and 1.0% wt:wt to 90.7% at 25.0 °C and 5.0% wt:wt,
with a maximum of 91.6% emergence at 23.5° and 7%
wt:wt. These results are consistent with contrasting
conclusions from Bento et al. (2010) and Eskafi and
Fernandez (1990) but also with our observations for
adult emergence in M compared to FA and BS. Bento

et al (2010) established that C. capitata emergence
was higher in drier soils, whereas Eskafi and Fernan-
dez (1990) concluded otherwise.

Reasons leading to predatory beetles respond-
ing positively to temperature, RH and rainfall in FA
but mostly negatively to the same factors in BS and
M could be related to the response of preferred food
sources, including aphids, thrips and leafhoppers,
which are common in F. arundinacea covers (Agu-
ilar-Fenollosa et al. 2011b; Aguilar-Fenollosa and
Jacas 2013; Gémez-Marco et al. 2015), contrary to M
and BS. Although mites and springtails are abundant
in mulches (Reddy et al. 1994), preferred prey for
beetles was most probably absent in both covers. This
situation would also explain lower relative abundance
of beetles in BS (12%) and M (22%) compared to FA
(44%).

Ants were the most abundant group of predators
found by Urbaneja et al. (2006) in a similar study car-
ried out in a citrus orchard with bare soil. Ants repre-
sented 83% of total catches, a value much higher than
those found in our study (28, 21 and 17% in BS, M
and FA, respectively). All the other groups of preda-
tors found by Urbaneja et al. (2006) represented less
than 9%. This value is much lower than those found
in our study, except for earwigs, as they could not be
found in BS (Table 1). This could be related to lack
of proper shelters to breed and thrive in this cover.
Indeed, earwig population density in different agro-
ecosystems has been shown to depend on the inten-
sity of soil management (Moerkens et al. 2008; Huth
et al. 2011). Interestingly, mean C. capitata adult
emergence recorded along the year by Urbaneja et al.
(2006) ranged from 13.8 to 31.6%, with nil values
during the coldest months (November through Febru-
ary) and also in May, which coincide with our find-
ings in BS. These authors pointed at ants as partly
responsible for C. capitata predation. However, our
results supported a negative relationship between
ant activity density and adult emergence in FA only
(Fig. 1). Although such a negative relationship could
include predation as well as other interactions (i.e.,
competition, risk avoiding behavior), the setup of our
experiments (use of sentinel larvae on top of soil)
makes predation the most likely explanation for our
observations. In our study, beetles and earwigs were
negatively related to C. capitata emergence irre-
spective of the ground management (Fig. 1), which
points at these two groups of predators as key for the
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natural regulation of C. capitata ground-dwelling
stages. Surprisingly, the activity density of the most
abundant predator group in our study, spiders, was
not negatively related to C. capitata emergence in
any of the three ground covers. This could be due to
spiders feeding mostly on either LIII before burial or
teneral adult flies but not on buried pupae. Although
late LIII were taken into consideration in our assays,
adults were excluded from potential predators, as
the emergence traps were covered a few days before
adult emergence. Indeed, Monz¢ et al. (2008) proved
that Pardosa cribata Simon (Araneae, Lycosidae),
the most abundant ground-dwelling spider in citrus
in eastern Spain, could prey on both LIII and adults
but not on pupae. These authors also showed a prefer-
ence of P. cribata for adult fruit flies. Spiders were
not negatively related to any other group of predators
either (Fig. 1) and this could be interpreted as spiders
most probably feeding on other arthropod groups not
properly captured in pitfall traps, like aphids, thrips
or leafthoppers in FA or mites and springtails in M, or
even other spiders (Picchi et al. 2016). FA showed the
most complex relationships between the arthropods
considered in this study (Fig. 1), with three predatory
groups (beetles, ants and earwigs) negatively related
to C. capitata emergence and including the only case
of intra-guild negative interactions, identified in this
study (ants and beetles). Interestingly, both beetles
and ants responded positively to temperature, RH and
rainfall in FA, which could trigger an increase in the
magnitude of those negative interactions. Such a situ-
ation did not repeat in the other two covers (dissimilar
response to abiotic factors for ants and beetles in M
and BS).

To sum up, our results demonstrate that bare soil,
which is the ground cover management technique
most widely used in Spanish fruit orchards (includ-
ing citrus) in the Mediterranean area, is the least
favorable for the conservation biological control of
C. capitata. Lowest predator abundance was coupled
with a 29.2% increased C. capitata adult emergence
compared to the other two covers. Therefore, the
implementation of a cover of either F. arundinacea
or a mulch of straw should be considered as a tool to
increase the impact of ground-dwelling predators on
C. capitata. Although this increase cannot be directly
translated into a particular decrease in damage in a
particular orchard and time, overall, the use of a cover
of either a mulch of straw or F. arundinacea should

@ Springer

contribute to reduced damage caused by C. capitata,
especially when this measure is applied to a large area
in combination with others (area-wide IPM). The
contribution of the different mortality factors consid-
ered in this study to this reduction highlights the key
role of beetles, earwigs and, to a lesser extent, ants,
while the contribution of the most abundant group
of ground-dwelling predators, spiders, deserves fur-
ther research. Although a detailed economic analysis
would be needed, a cover of F. arundinacea, which
can also favor the conservation along the year of natu-
ral enemies of other important fruit pests, like mites,
thrips, and aphids (Aguilar-Fenollosa et al. 2011a, b,
c; Aguilar-Fenollosa and Jacas 2013; G6émez-Marco
et al. 2015; Gémez-Martinez et al. 2018), appears as
a strong and sustainable conservation biological con-
trol method that should be taken into consideration
for the management of C. capitata in fruit orchards.
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