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Abstract:

Ants can act simultaneously as predators and as hemipteran mutualists, and thus may affect
the composition and the population dynamics of a wide arthropod community. We
conducted ant-exclusion experiments in order to determine the impact of ants on the
infestation levels and parasitism of three of the most important citrus pests in western
Mediterranean citrus: the honeydew-producer Aleurothrixus floccosus (woolly whitefly)
and the non-honeydew-producers Aonidiella aurantii (California red scale; CRS) and
Phyllocnistis citrella (citrus leafminer). The study was conducted in three commercial
citrus orchards (A, B, C) during two consecutive growing seasons (2011 and 2012).
Pheidole pallidula, Lasius grandis, and Linepithema humile were the most abundant ant
species in orchards A, B and C respectively. In the three orchards we registered a
significant reduction of the CRS densities on fruits in the ant-excluded treatment, ranging
from 41% for orchard B in 2011 to 21% for orchards A and B in 2012. Similarly, the
percentage of shoots occupied by A. floccosus was significantly lower in the ant-excluded
plots in orchards A (P. pallidula) or C (L. humile). No significant differences were
registered in the percentage of leaf surface loss caused by larvae of P. citrella between ant-
allowed and ant-excluded treatments in any case. However, we found no significant
differences in the percent parasitism between ant-allowed and ant-excluded treatments for
honeydew and non-honeydew producing insect herbivores, suggesting that parasitism

cannot explain the differences in the herbivore population levels between treatments.

Keywords: Lasius grandis, Pheidole pallidula, Linepithema humile, Aonidiella aurantii,

Aleurothrixus floccosus, Phyllocnistis citrella,
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Introduction

Ants (Hymenoptera: Formicidae) are broadly distributed on terrestrial ecosystems and they
are among the leading predators of other insects (Holldobler and Wilson 1990). Since
Janzen (1966) reported that ants could act as biotic defences protecting plants against
herbivores and parasites, several authors observed that the predatory action of ants against
phytophagous insects benefited plants (Karhu, 1998; Styrsky and Eubanks, 2007; Olotu et
al., 2012; Rosumek et al., 2009). However, most ant species are omnivorous and combine
the protein obtained through predation and scavenging with plant-derived carbohydrates
such as floral and extrafloral nectar, food bodies, elaiosomes and especially honeydew
produced by plant feeding hemiptera with which they have evolved mutualistic
associations (Way, 1963; Carroll and Jansen, 1973; Holldobler and Wilson, 1990;
Wickers, 2005). Thus, by acting simultaneously as predators and as hemipteran mutualists,
ants are in the centre of a complex food web affecting the composition and the population
dynamics of a wide arthropod community (Kaplan & Eubanks, 2005; Styrsky and
Eubanks, 2007).

In the ant-hemiptera mutualism, the net benefits for each partner are context dependent
(Stadler & Dixon, 1999; Yo and Holway, 2012). It is typically considered that ants obtain
honeydew, a copious, nutritive and constant in time and space food source, whereas in
exchange they protect the honeydew producers from their natural enemies or other
competing herbivores (Flanders, 1951; Bartlett, 1961; Way, 1963; Buckley, 1987;
Rosumek et al., 2009). Under ant protection, honeydew producers usually perform better
and develop faster higher populations which eventually result in greater plant damage. This
is particularly evident in agricultural ecosystems, where numerous studies have reported
decreased populations of ant-attended honeydew-producers and lower crop damage

following ant-exclusion experiments (Flanders, 1951; Bach, 1991; Itioka and Inoue, 1996a;
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James et al., 1997; Daane et al., 2007; Mgocheki and Addison, 2010). In citrus crops,
Moreno et al. (1987) reported that the exclusion of the argentine ant Linepithema humile
(Mayr) was associated with lower densities of the citrus mealybug Planococcus citri Risso
(Hemiptera: Pseudococcidae) and of the woolly whitefly Aleurothrixus floccosus Maskell
(Hemiptera: Aleyrodidae). Itioka and Inoue (1996a) reported that the ant Lasius niger L.
showed an aggressive behavior towards natural enemies of the mealybug Pseudococcus
citriculus Green (Hemiptera: Pseudococcidae) resulting in a drastic decrease by 94% in a
mealybug population when ants were excluded. An ant-exclusion experiment revealed that
ant-attendance caused an increase in the growth rate of Ceroplastes rubens Maskell
(Hemiptera: Coccidae) due to a decrease in the percentage of parasitism by Anicetus
beneficus Ishii et Yasumatsu (Hymenoptera: Encyrtidae) (Itioka and Inoue, 1996b).
Surprisingly, ants have been reported to induce population increases, and concomitant
plant damage, of non-honeydew-producing insect herbivores (Bartlett, 1961). For example,
Flanders (1945) demonstrated that the activity of L. humile resulted in higher infestations
of the diaspidid Aonidiella citrina Coquillet (Hemiptera: Diaspididae). Similar population
increases were reported for the California red scale (hereafter CRS) Aonidiella aurantii
Maskell (Hemiptera: Diaspididae) caused by the action of Pheidole megacephala F. (Steyn
1954) in Letaba (South Africa), L. humile in California (Moreno et al., 1987),
Iridiomyrmex rufoniger in Australia (James et al., 1997) and Lasius grandis (Forel) and
Pheidole pallidula (Nylander) in Valencia (Spain) (Pekas et al., 2010a). Finally, Haney et
al., (1987) reported a population increase of the citrus red mite Panonynchus citri
(McGregor) (Acarina: Tetranychidae) in the presence of L. humile. In the above studies, it
is assumed that the underlying mechanism is the indirect interference (while searching for

honeydew) of the ants with the natural enemies of the non-honeydew producers.
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The outcome of the interaction among ants, hemiptera (both honeydew and non-honeydew
producers) and natural enemies is likely to depend on the particular characteristics of the
species involved. For example, the degree of protection against natural enemies provided
to hemipterans varies depending on the ant species (Martinez-Ferrer et al., 2003; Styrsky
and Eubanks, 2007; McPhee et al., 2012). Several authors attribute these differences
among ant species to biological traits such as foraging activity, numerical abundance,
aggressiveness and territoriality (Buckley and Gullan, 1991; Kaneko, 2003; Paris and
Espadaler, 2009; McPhee et al., 2012). Likewise, susceptibility of parasitoids and
predators to ant activity differs greatly among species (Flanders, 1958; Bartlett, 1961;
Volkl, 1992; Daane, 2007).

The citrus agro-ecosystem, due to its perennial character, provides ideal conditions for the
proliferation of insect herbivores, many of which are honeydew producers (Bodenheimer,
1951; Garcia-Mari, 2012). At the same time, ants are among the most abundant arthropods
in citrus (Bodenheimer 1951; Samways et al., 1982; Samways 1983; Alvis and Garcia-
Mari, 2006). In western Mediterranean citrus, where we conducted our study, the two most
abundant and widely distributed ant species are the native L. grandis and P. pallidula
(Palacios et al., 1999; Alvis-Davila, 2003; Vanaclocha et al., 2005 Cerda et al., 2009;
Pekas et al., 2011). Interestingly, Pekas et al. (2010a) showed that mixed populations of
these species were associated with increases of the densities of CRS populations. The
invasive L. humile is present in Spanish citrus groves since 1923 (Font de Mora, 1923;
Garcia Mercet 1923) but it appears only occasionally in citrus orchards (Alvis and Garcia-
Mari, 2006). In other citrus growing areas it is associated with strong increases of the
abundance of both honeydew and non-honeydew-producing hemipterans (Steyn, 1954;

Moreno et al., 1987; Daane et al., 2007).
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In the present study we conducted ant-exclusion experiments in the field in order to
determine the impact of three species of ants, the native L.grandis and P. pallidula and the
invasive L. humile, on the infestation levels and parasitism of three of the most important
citrus pests in western Mediterranean citrus: the honeydew-producer Aleurothrixus
floccosus and the non-honeydew-producers 4. aurantii and Phyllocnistis citrella (Staiton)

(Lepidoptera: Gracillaridae).

Materials and methods

Study sites

The study was conducted during two consecutive growing seasons, from April 2010 to
November 2011, in three commercial citrus orchards located in an extensive citrus growing
region located 30 km south of Valencia, eastern Spain. The climate in the study areas is
Mediterranean, with mild winters and dry summers. Two orchards (A and B) were of sweet
orange Citrus sinensis L. Osbeck (cv. Navelina) and one (orchard C) of a mixture of two
species, sweet orange C. sinensis (cv. Navelina) and Clementine mandarin Citrus
reticulata Blanco (Cv. Clementina Fina). In orchard A, the most abundant ant species
ascending on the citrus canopies was P. pallidula which was present in all of the trees. It
was frequently found foraging on the canopy of the same tree together with Plagiolepis
schmitzii (Forel) and to a much lesser extend with Tapinoma nigerrimum (Nylander). In
orchard B, the most abundant and predominant ant species was L. grandis, coexisting in
some trees with P. schmitzii and T. nigerrimum, except in the experimental block 6 (see
below) where L. grandis and P. pallidula where similarly abundant. Lasius grandis was
never found foraging on the same tree with P. pallidula as the two species are dominant
and mutually exclusive (Pekas, ef al., 2011). In orchard C, L. humile was the only ant

species present and foraging on the tree canopies.
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The three orchards were furrow-irrigated and weeds were controlled by local application of
herbicides (Glyphosate®). No chemical treatments for pest control were applied during the
previous two years before the onset of the experiments neither during the two seasons of
the experiments. In the three orchards, the ants were nesting in the soil beneath the trees.
Orchards were selected based on previous studies (Pekas et al., 2010a, 2011) and previous
field observations that revealed the spatial distribution of the ant species ascending to the

tree canopies in each orchard.
Experimental design, ant exclusion and ant activity

At each orchard the experimental design was a randomized complete block with four
replicates (plots) of two treatments: ant-allowed and ant-excluded, with four adjacent
repetitions per treatment. Each plot contained 16 trees (four rows by four trees). Ant-
exclusion began in April 2011 in orchards A and B and in May 2011 in orchard C and was
maintained until November 2012 (19 months). During the first season (2011), ant
exclusion was achieved by applying to the trunk an insecticidal paint in a micro-
encapsulated formulation (Inesfly FITO® (chlorpyrifos 3%)), Industrias Quimicas Inesba
S.L., Paiporta, Spain). In previous studies in the same citrus area, Inesfly FITO® effectively
excluded ants from citrus canopies (Juan-Blasco et al., 2010). Inesfly FITO® was applied
by painting a 25-cm wide band (starting from the ground) on the tree trunks of ant-
excluded treatments. To ensure that no ants reached the tree canopies, ant-excluded trees
were inspected every month and the band repainted if ants were observed crossing the
band. Due to the fact that we observed ants crossing the painted bands in some of the trees
during the first growing season we changed the ant exclusion method during the
subsequent season. Thus, during 2012 ant exclusion was conducted by applying Tangle-

trap (Tanglefoot, Biagro, Valencia, Spain) sticky barriers on the tree trunks. The
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Tanglefoot was applied using a spatula on a 15 cm wide adhesive plastic tape fixed around
the trunk and starting 30 cm above ground and was renewed every two months. In order to
ensure that ants could not reach the canopies trough alternative ways along the two seasons
of the experiment, all trees were pruned periodically to prevent branches from touching the

ground and the ground vegetation was trimmed.

Ant activity was defined as the number of ants moving up and down crossing an imaginary
horizontal line on the tree trunk during one minute. We monitored ant activity monthly
from April 2011 until November 2012 by observing the trunk of the four central trees on
each plot between 9:00 and 12:00 a.m. Thus, for each sampling date and in each orchard,

we sampled ant activity on 16 ant-allowed and 16 ant-excluded trees.

Herbivore infestation levels in the ant-allowed and the ant-excluded treatments

California red scale

CRS infestation on twigs was assessed monthly by observing four twigs per tree from the
four central trees on each plot of the ant-allowed and the ant-excluded treatments. Infested
twigs were ranked according to the following scale: 0 = 0 scales; 1 = 1-3 scales; 2 =4-10
scales; 3 = 11-30 scales; 4 = 31-100 scales; 5 > 100 scales per twig. The infestation level

was evaluated using the formula (Townsend and Heuberger, 1943):

I(%)= X 100

Z(nv)
NV
Where n — levels of infestation according to the scale

v — number of twigs or fruits in each level of infestation

V — total number of twigs or fruits screened
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N — highest level of the scale infestation (5 in our case)

This sampling was performed in the three orchards from May to July in 2011 and 2012.
CRS population densities on fruits were determined monthly by applying the same scale to
20 fruits randomly selected per tree from the four central trees on each plot of the ant-
allowed and the ant-excluded treatments. This sampling was performed in the three

orchards from August to November 2011 and 2012, i.e. when fruits were available.

Citrus woolly whitefly

Aleurothrixus floccosus infestation was determined by estimating the percentage of shoots
occupied. Once a month we observed 10 shoots randomly selected per tree from the four
central trees on each plot of the ant-allowed and the ant-excluded treatments and counted
the number of shoots with A. floccosus present. This sampling was performed in the three
orchards from July to October in 2011 and 2012, whenever A. floccosus was observed in

the orchards.

Citrus leafminer

Phyllocnistis citrella infestation was estimated by calculating the percentage of damaged
leaf area. In order to do so, we randomly sampled once a month 10 young shoots,
containing between 5 and 10 leaves each, from the four central trees per plot of the ant-
allowed and the ant-excluded treatments. Shoots were transferred to the laboratory, where
we scored the damage in each leaf by visually estimating the percentage of reduction in
surface area caused by P. citrella larvae, in 10% intervals from 0 to 100% (Schaffer et al.,
1997). The above process was performed in August and October 2011 and in October 2012

for the orchards A and B, as well as in August 2011 and October 2012 for the orchard C.

Percent parasitism in the ant-allowed and the ant-excluded treatments
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10
California red scale

CRS parasitism was assessed once a month by sampling a minimum of 5 twigs, and when
available 5 fruits, infested with CRS per tree from the four central trees of each plot of the
ant-allowed and the ant-excluded treatments. The samples were carried to the laboratory
where we observed under a stereomicroscope 50 to 100 (depending on the availability)
CRS stages susceptible to parasitism and determined the number of parasitized and
unparasitized scales. In some cases where CRS population was very low, between 30 and
50 stages were considered sufficient. In the study area CRS is parasitized by Aphytis
chrysomphali (Mercet) and Aphytis melinus DeBach (Hymenoptera: Aphelinidae) (Pekas
et al., 2010b; Pina et al., 2012). Parasitism was identified by the presence of parasitoid
eggs, larvae, prepupae or pupae. Percent parasitism was established as the number of
parasitized scales x 100 / (number of parasitized scales + number of unparasitized scales)
(Pekas et al., 2010a). The above procedure was repeated in June and July 2011, and July
2012 for assessing parasitism on twigs. In fruits, the percent parasitism was assessed in
September and November 2011 and September and October 2012 for orchards A and B
and in September and November 2011, and September, October and November 2012 for

the orchard C.

Citrus woolly whitefly

Parasitism of 4. floccosus was determined once a month by sampling a maximum of 20
leaves (when available) infested by A4. floccosus from the four central trees per plot of the
ant-allowed and the ant-excluded treatments. Samples were placed in plastic bags and
transported to the laboratory where they were processed within the next 24 hours. Under a
stereomicroscope, the number of parasitized and unparasitized larvae was counted in a 1

cm? circular surface randomly selected inside the area covered by the whitefly colony on
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each leaf. In the study area A. floccosus is parasitized by Cales noacki Howard
(Hymenoptera: Aphelinidae) (Soto et al., 2001; Garcia-Mari, 2012). Parasitized whitefly
pupae were identified by the presence of swollen larvae without waxy secretion (Soto et
al.,2001). Percent parasitism was established as number of parasitized x 100 / (number of
parasitized + number of unparasitized) whiteflies. The above procedure was repeated in
July and September 2011 an October 2012 for orchards A and B and in July, August and

September 2011 and July and August 2012 for orchard C.

Citrus leafminer.

Parasitism of P. citrella was assessed once a month by sampling 10 young shoots per tree
from the four central trees on each plot of the ant-allowed and the ant-excluded treatments.
Samples were transferred to the laboratory and were processed within the next 24 hours.
Under a stereomicroscope we observed a maximum of 50 (when available) immature
leafminer stages susceptible to parasitism and counted the number of parasitized and
unparasitized ones. In the study area P. citrella is mostly attacked by Citrostichus
phyllocnistoides which accounts for more than the 97% of the parasitoids (Vercher et al.,
2000; Garcia-Mari et al., 2004; Karamaouna et al., 2010). Citrostichus phyllocnistoides
attacks principally the second and third instars of P. citrella. Larval stages and parasitism
were identified by visual observation, determining the presence of eggs, larvae or pupae of
C. phyllocnistoides. Percent parasitism was calculated as: number of parasitized leafminers
x 100 / (number of parasitized + number of unparasitized). The above procedure was
repeated in September 2011 and 2012 when young shoots (the preferred plant substrate by

the leafminer) were available.

Statistical analysis
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The effectiveness of the ant-exclusion methods was tested using repeated measures
analysis of variance (ANOV A) with the data log-transformed in order to meet normality
assumptions. Treatment (ant-excluded versus ant-allowed) was the fixed factor, sampled
tree nested into ant-exclusion was the random factor and sampling date was the repeated
measures factor. The effects of the ant-exclusion on the herbivore infestation levels and
percent parasitism on each sampling date were analyzed using one-way analysis of
variance (ANOVA). The season-long effects of ant-exclusion on herbivore infestation and
percent parasitism were analyzed using repeated measures analysis of variance (ANOVA).
Treatment (ant-excluded versus ant-allowed) was the fixed factor, sampled tree nested into
ant-exclusion was the random factor and sampling date was the repeated measures factor.
Data were [arcsiny/x] transformed in order to meet normality assumptions. Means were
compared by using Fisher’s least significant difference (LSD) test with the significance

level set at a=0.05. All statistical analyses were performed using Statgraphics 5.1 software

(Statgraphics, 1994).

Results

Ant Activity

When examining the ant activity registered in each orchard, the invasive L. humile,
predominant in orchard C, showed the highest activity levels during the two years of the
study (Fig. 1). In both years its activity peak was registered in July, when 139.8 +29.1
(2011) and 118.3 + 24.4 ants/min/tree (2012) ascended to or descended from the tree
canopies. The native P. pallidula and L. grandis, predominant in orchards A and B,
respectively, showed considerably lower activity levels than L. humile. Pheidole pallidula
showed an activity peak in August in both years, with 13.9 £ 1.6 (2011) and 19.8 + 2.8

ants/min/tree (2012) ascending to or descending from the citrus canopies. Lasius grandis
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exhibited an activity peak in July in 2011 (9.2 + 2.3 ants/min/tree) and in June in 2012
(17.3 £ 2.4 ants/min/tree). It is important to highlight that L. humile was active throughout

the whole year, whereas almost no workers of P. pallidula or L. grandis were observed

foraging on the tree canopies during the winter months, from December until March.

In the ant-excluded treatment, ants were effectively excluded from the tree canopies during
the two years of the study. From April 2011 to March 2012, when we used Inesfly FITO®
paint for ant exclusion, ants were absent from almost all the tree canopies, except in a few
trees for the three orchards studied (ant-allowed versus ant-excluded: orchard A: 4.07 +
0.44 vs. 0.07 £ 0.05; repeated-measures ANOVA: F =367.74;df = 1, 6; P < 0.0001;
orchard B: 2.41 £ 0.39 vs. 0.017 + 0.01; repeated-measures ANOVA: F = 74.46; df = 1, 6;
P =0.0001; orchard C: 60.64 + 5.7 vs. 0.125 + 0.05; repeated-measures ANOVA: F =
218.71;df = 1, 6; P < 0.0001) (Fig. 1). From April 2012 to November 2012 we used
Tangle-trap sticky barriers for ant exclusion and ants were totally absent from all the tree

canopies, showing thus 100% effectiveness in ant-exclusion (Fig. 1).
Herbivore infestation levels
California red Scale infestation on twigs and fruits

Overall, CRS infestation on twigs was significantly lower (5% in 2011 and 18% in 2012)

in the ant-excluded than in the ant-allowed trees in orchard B, whereas no significant
differences between treatments were found for orchards A and C (pooled data from all
sampling dates; Repeated measures ANOVA: F =4.92;df =1, 30; P =0.035, F =9.30; df
=1,30; P=0.34 and F =2.94; df = 1, 30; P = 0.097, respectively) (Fig. 2a). When
examining each of the three sampling dates separately, CRS density on twigs was
significantly lower in the ant-excluded treatment in July 2011 and 2012 for orchard B and

in May 2012 for orchard A (Fig. 2a) (Table 1).
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CRS infestation on fruits was lower in the ant-excluded treatment for the three orchards
(pooled data from all sampling dates; Repeated Measures ANOVA: orchard A: F =11.45;
df =1, 30; P = 0.002; orchard B: F=34.91; df =1, 30; P < 0.0001; orchard C: F = 10.86;
df =1, 30; P = 0.003). When examining each sampling date separately, CRS densities on
fruits were significantly lower in the ant-excluded treatment in 14 out of 19 sampling dates
(Fig. 2b) (Table 1). Overall, we registered a significant reduction of the CRS densities on
fruits in the ant-excluded treatment: 41% and 26% in 2011 and 2012, respectively, for
orchard B (where L. grandis was predominant), 28% and 21% for orchard A (P. pallidula),
and 27% and 21% in orchard C (L. humile). Thus, all three ant species were able to induce

higher populations of CRS on fruits.

Citrus woolly whitefly

The percentage of shoots occupied by A. floccosus was significantly lower in the ant-
excluded treatment in the case of orchards A (P. pallidula) and C (L. humile). On the other
hand, no significant differences were found between treatments in the case of orchard B (L.
grandis) (pooled data from all sampling dates; Repeated Measures Anova: orchard A: F' =
9.43;df =1, 30; P = 0.0045; orchard B: F = 0.22; df = 1, 30; P = 0.646; orchard C: F =
18.65; df =1, 30; P = 0.0002) (Fig. 3). When comparing each sampling date separately,
the percent occupation of shoots was significantly higher in ant-allowed treatment in two
of the four dates (September 2011 and October 2012) for orchard A and in all five
sampling dates for orchard C (Table 1). Overall, the mean reduction of shoots occupied by
A. floccosus in the ant-excluded treatment was 35% in 2011 and 43% in 2012 for orchard

A (P. pallidula) and 40% in 2011 and 26% in 2012 for orchard C (L. humile).

Citrus leafminer
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We found no significant differences in the percent of leaf surface loss caused by larvae of
P. citrella between ant-allowed and ant-excluded treatments for any of three orchards
(pooled data from all sampling dates; Repeated Measures ANOVA: orchard A: F = 1.6; df
=1, 6; P =0.223; orchard B: F =0.01; df = 1, 6; P = 0.9327; orchard C: F = 0.03; df = 1,
6; P =0.8709) (Fig. 4). When comparing each sampling date separately, the percent of leaf
surface loss was significantly lower in the ant-excluded treatment in one of three dates
(October 2011) in the case of orchard A, in one of three (October 2012) for orchard B and

in one of two (August 2011) in orchard C (Table 1).

Percent parasitism

California red scale on twigs and fruits

The mean (+SE) percent parasitism of CRS on twigs peaked in July and reached 13.4% (+
2.07), 9.6% (+ 3.3) and 11.4% (£ 3.16) in orchards A, B and C respectively. The mean
(£SE) percent parasitism of CRS on fruits peaked in September and was considerable
higher than on twigs, reaching 45.6% (£ 3.6), 42.7% (+ 3.33) and 38.0% (£ 2.5) in

orchards A, B and C respectively.

On twigs we found no differences in percent parasitism of CRS between ant-allowed and
ant-excluded treatments in any of the three orchards studied when pooling data from all
sampling dates (repeated measures ANOVA; orchard A: F=1.61;df =1, 6; P =0.2512;
orchard B: F =2.75;df =1, 6; P =0.1481; orchard C: F =1.81;df =1, 6; P = 0.2271).
When comparing each sampling date separately, we found significantly higher percent
parasitism in the ant-excluded treatment in orchard C in one of three dates examined (July
2011). In this particular date we found a percent parasitism of 16.9% (£ 3.63) in ant-

excluded treatment versus 3.64% (£ 2.40) in the ant-allowed treatment (Table 2).
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Likewise, percent parasitism of CRS on fruits was similar between the ant-allowed and the
ant-excluded treatments for the three orchards (repeated measures ANOVA: orchard A: F
=0.26;df =1, 6; P =0.6288; orchard B: F =0.02; df =1, 6; P = 0.8970; orchard C: F =
4.54;df =1, 6; P =0.0772) (Fig. 5b). Furthermore, no significant differences in percent
parasitism on fruits between treatments were found when comparing each sampling date
separately (Table 2). In the orchard C (L. humile) percent parasitism on fruits was
consistently higher in the ant-excluded treatment; however, differences between treatments

only approached statistical significance.

Citrus woolly whitefly

No significant differences in percent parasitism of A. floccosus were detected between ant-
excluded and ant-allowed treatments in any of the three orchards studied (pooled data from
all sampling dates; Repeated Measures ANOVA: orchard A: F =0.71;df =1,6; P =
0.4053; orchard B: F =0.07;df =1, 6; P =0.7951; orchard C: F =0.65;df =1,6; P =
0.4428) (Fig. 6). Similarly, no significant differences were found between treatments when

comparing the data separately on each sampling date (Table 2).

Citrus leafminer

Percent parasitism of P. citrella was significantly higher in the in the ant-excluded plots in
orchard B (L. grandis), whereas no significant differences between treatments were found
for orchards A and C (pooled data from all sampling dates; Repeated Measures ANOVA:
F=1511;df=1,6; P=0.0081; F=0.07;df=1,6; P=0.7995; F=0.75;df =1, 6; P =
0.4197, respectively) (Fig. 7). No significant differences between treatments were found

for any of the three ant species when comparing each sampling date separately (Table 2).

Discussion



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

17

In the present study we examined the impact of ants on the population densities and
parasitism rates of three citrus insect herbivores: the honeydew producer A4. floccosus and
the non-honeydew producers CRS and P. citrella. The infestation levels of the honeydew
producer A. floccosus and of the non-honeydew producer CRS were higher in the presence
of ants. Regarding the underlying mechanism responsible for these increases, we found no
evidence relating the presence of the ants with reduced parasitism levels of the herbivores

studied.

The exclusion method was very efficient in preventing the ants from ascending to the
canopies the two years of the study. The use of IGR Fito paint during the first year of the
exclusion had the advantage that one application could last for several months which is
highly desirable in reducing costs as well as workload. However, we observed several trees
where the ants managed to sidestep the painted barrier and eventually ascend to the
canopy. Therefore, the second year we shifted to the Tanglefoot sticky barrier which,
although poses important practical difficulties to employ, is of known efficiency for
preventing the ants from ascending to the canopies (Pekas et al., 2010a). A potential
drawback of the use of sticky barriers for ant-exclusion involves the possibility of
excluding, apart from the ants, other non-flying predators such as earwigs and the ant-
mimic bug Pilophorus sp., (Heteroptera: Miridae), potential predators of plant feeders on
the canopy (Pifiol et al., 2012a; Romeu-Dalmau ef al., 2012). In our study however, we
observed no earwigs on the tree trunk close to the exclusion zone and only a few
Pilophorus sp. were obtained in tree samplings in a parallel study on the ant-allowed trees
(Calabuig et al. unpublished data). Moreover, we are not aware of studies reporting

earwigs or Pilophorus sp. preying upon 4. aurantii, A. floccosus or P. citrella.
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CRS is one of the worst citrus pests worldwide and its presence on fruits is highly
undesirable especially for countries whose production goes to fresh fruit market. Our
results showed that fruit infestation caused by CRS was higher in the ant-allowed treatment
in the three orchards of the study. These results are in agreement with previous studies
which showed that ants may induce population increases of CRS on fruits (DeBach, 1951;
Steyn 1954; Moreno et al., 1987; James et al., 1997; Pekas et al., 2010a). CRS is not
producing honeydew and therefore is not tended by ants. Thus, the CRS population
increase induced by ants is considered as an indirect effect; ants disrupt biological control
of CRS when they accidentally encounter the CRS natural enemies while foraging on the
tree canopies or while tending coincident honeydew producers (Steyn 1954; Samways et
al., 1982; Murdoch et al., 1995; Dao et al., 2013). In most of the afore mentioned studies
the ant species involved was the argentine ant L. humile which is known as an aggressive
and disruptive species for biological control (Holway et al., 2002). In our study it was
much more abundant than the native species and moreover it remained active throughout
the whole year. This result coincides with Monz6 et al. (2013) who also found L. humile
active throughout all the season in the same citrus growing area. Invasive ants are usually
strongly attracted to hemipteran honeydew and are more aggressive than native ants
(Styrsky and Eubanks, 2007). On the other hand, native ant species can also differ in their
capacity of biological control disturbance, which is generally related to their
aggressiveness and territoriality (Buckley and Gullan, 1991; Kaneko, 2003; Mgocheki and
Addison, 2009). Therefore, and given that L. humile is aggressive and maintains high
levels of activity all year round, it would be expected to induce higher CRS populations on
fruits compared with the native species. We cannot draw definitive conclusions whether
native or invasive species affect differently the herbivores; however, the population

increases of herbivores in Orchard C, dominated by the invasive L. humile, were not higher
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but similar or even lower in some cases to that of orchards A and B, where the native
species P. pallidula and L. grandis were predominant. It should be taken into account that
L. grandis and P. pallidula are dominant species in their native areas (Pekas et al., 2011;
Arnan et al., 2012) and show aggressive behaviour as well (Seifert, 1992; Retana and

Cerda, 1994; Katayama and Suzuki, 2003).

It is important to highlight that, unlike L. grandis and L. humile, which are considered
hemipteran honeydew specialists foraging on the tree canopies (Markin, 1970; Paris and
Espadaler, 2009), P. pallidula is an omnivorous species which obtains great part of its diet
by foraging on the ground (Retana et al., 1992; Pifiol ef al., 2008). However, in our study
P. pallidula ascended to the citrus canopies and tended honeydew-producing hemipterans
as well. This might be due to the fact that there was no permanent ground cover in our

experimental orchard that could offer alternative food sources in the ground surface.

CRS infestation on twigs was similar in the ant-allowed and ant-excluded treatments.
Assessments of CRS population densities on twigs were done visually without determining
whether scales were alive or they were old dead scales remaining on the bark from
previous generations. This fact might have masked the real effect of ant-exclusion on CRS
population on twigs. In agreement with our results, Moreno et al. (1987) also reported no
differences in CRS infestation on twigs between ant-excluded and ant-allowed citrus trees
while they did find significant differences on fruits, attributing these different results to the
fact that the parasitoid A. melinus concentrates its activity on the periphery of the trees

where most of the fruits are located.

The woolly whitefly Aleurothrixus floccosus, as many other honeydew-producing
hemiptera, is tended by ants on the citrus canopies (Moreno et al., 1987, Pekas et al.,

2011). In fact, Moreno et al. (1987) reported lower whitefly densities in citrus trees when
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L. humile was excluded from the canopies. According to our results, the percentage of
shoots occupied by 4. floccosus was significantly lower in the ant-excluded treatment in
orchards A and C dominated by P. pallidula and L. humile respectively, whereas no
differences were found in the orchard B dominated by L. grandis. Given that 4. floccosus
is directly tended by ants, the outcome of the interaction between the whitefly and the ant
species in our study is expected to be influenced by the seasonal activity pattern of the
latter. The activity of L. grandis ascending to the canopies peaked in spring and decreased
in July, a period when the populations of A. floccosus start to increase (Garcia-Mari, 2012).
On the other hand, P. pallidula and L. humile were active during summer and autumn, the
months of higher 4. floccosus incidence in the field. In fact, in orchard C where L. humile
was predominant and exhibited high activity during throughout most of the year, we found
higher 4. floccosus infestations in ant-allowed trees for all the sampling dates.
Interestingly, in the case of P. pallidula significantly higher 4. floccosus infestations in the
ant-allowed trees were recorded only in the sampling dates following the ant’s peak

activity (September and October).

Regarding the effect of ant exclusion on Phyllocnistis citrella, in the three orchards we
observed no significant differences in the percent of leaf surface loss between the ant-
allowed and ant-excluded treatments. Similarly, Urbaneja et al. (2004) conducted an ant-
exclusion study to determine the impact of Lasius niger (Latreille) on P. citrella and
observed no differences in the number of P. citrella on leaves for ant-allowed and ant-
excluded treatments. Phyllocnistis citrella produces no honeydew and moreover develops
on young and tender leaves (Garcia-Mari, 2002) where other honeydew-producing
hemipterans are usually not found. Therefore, although the arboreal and highly aggressive
weaver ants Oecophylla have been reported as efficient biological control agents of the

citrus leafminer in Vietnam (Van Mele and Van Lenteren, 2002), the activity of the ant
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species in our study apparently are not affecting directly or indirectly the citrus leafminer

populations.

In previous studies examining the impact of the ants on populations of honeydew-
producing hemiptera, lower parasitism rates were reported on plants with ants relative to
plants without ants (DeBach, 1951; Bartlett, 1961; Itioka and Inoue, 1996b and 1999).
Moreover, in the case of non-honeydew-producing hemiptera, several studies showed that
ants may disrupt parasitoid activity (DeBach, 1951; Flanders 1958; Murdoch et al., 1995;
Heimpel et al., 1997; Martinez-Ferrer et al., 2003). Recently, a study conducted in
Australian citrus revealed that the parasitism of CRS by Encarsia perniciosi (Tower) and
Encarsia citrina Craw was severely reduced in the presence of the ant Iridomyrmex
rufoniger (Lowne) (Dao ef al. 2013). In our study, however, we rarely found differences in
percent parasitism between ant-allowed and ant-excluded treatments, either for the
honeydew or non-honeydew producing insect herbivores. These results were consistent in
the three orchards studied, each one of them with a different predominant ant species. Only
in the case of CRS on fruits we found lower parasitism levels in ant-allowed trees of
orchard C (with L. humile) although this reduction only approached statistical significance.
In the same way, Pekas ef al. (2010a) reported no differences in the parasitism of CRS on
fruits between ant-excluded and ant-allowed treatments despite the fact that higher
numbers of CRS were recorded on fruits in the treatment where L. grandis or P. pallidula
had access to the tree canopies. Murdoch ef al. (1995) showed that the exclusion of L.
humile did not affect CRS parasitism in samples taken from the exterior part of trees while
they did find differences in the inner part and argued that ants were rarely seen in the
exterior of trees. Urbaneja et al. (2004) showed no differences in percentage parasitism of

P. citrella between ant-allowed and ant-excluded treatments. Finally, regarding A.



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

22

floccosus, to our knowledge there are no previous studies investigating the effect of ants on
parasitism of this species.

Thus, apparently the parasitoid species involved in our study are not affected by the ant
presence. However, we might have failed to detect differences in percent parasitism
between treatments due to the fact that the impact of parasitoids on host populations must
be determined on a generation time scale (Van Driesche, 1983). This is because, depending
on the synchronization between parasitoids and host populations the contribution of the
former to host population mortality may be overestimated or underestimated. Furthermore,
other important sources of mortality induced by parasitoids such as host feeding or probing
should be considered when determining percent parasitism (Jervis and Kidd, 1996).
Especially in the case of A. melinus the mortality caused to CRS through host-feeding is
almost equal to that due to parasitism (Rosen and DeBach, 1979).

Alternatively, factors other than parasitism, not assessed in our study may have contributed
to the increased CRS and 4. floccosus populations in ant presence. For instance, predation
and host-feeding are two important mortality factors which nevertheless are difficult to
assess accurately in the field. Pifiol et al. (2012b), during a long-term experiment of ant
exclusion in citrus in Catalonia showed that ants had a negative effect on the abundance of
various groups of predators. In Australian citrus, Dao ef al. (2013) have recently shown
that the predation of CRS by coccinellid beetles was significantly increased when the ant /7.
rufoniger was excluded. Bach (1991) reported lower mortality rates of the soft scale
Coccus viridis in the presence of ants not only from parasitism but also from other
undetermined causes. Interestingly, several studies have reported aggressive ant behavior
against predators such as coccinellids, neuropterans or dipterans (Bartlett, 1961; DeBach
and Rosen, 1991; Itioka and Inoue, 1996a; Itioka and Inoue, 1999; Katayama and Suzuki,

2003; Pinol et al., 2010). Vanek and Potter (2010) reported that the exclusion of the ant
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Formica subsericea Say led to a reduction of the soft scale Fulecanium cerasorum
(Cockerell) densities caused principally by increased predation by Chrysoperla rufilabris
(Burmeister), whereas parasitism of adult scales was similar between banded and control
trees. In an ant-exclusion and predator-exclusion field experiment McPhee ef al. (2012)
demonstrated that Myrmica rubra (L.) induced higher aphid abundance by reducing the
impact of Chrysoperla carnea (Stephens). Preliminary observations in the same three
orchards of our study show lower abundance of potential predators of CRS and 4.
flocossus, such as green lacewings in the ant-allowed treatment (Calabuig et al.,
unpublished data), which might explain the results obtained in the present study.

In conclusion, ants were associated with increased populations of honeydew and non-
honeydew producing insect herbivores in the three citrus orchards studied. Consistently
higher populations of A. aurantii were registered on fruits in the presence of the three ant
species, L. grandis, P. pallidula and L. humile. Regarding the woolly whithefly 4.
floccosus, higher populations in the ant-allowed treatments were registered in orchards A
(P. pallidula) and C (L. humile). We detected no effect of ants on populations of P. citrella
for any of the three orchards studied. Overall, the population increases of herbivores in
Orchard C, dominated by the invasive and much more active L. humile, were not higher
but similar or even lower in some cases to that of orchards A and B, where native ants
predominated. However, percent parasitism was generally similar between ant-allowed and
ant-excluded treatments suggesting that parasitism cannot explain the differences in the
herbivore population levels between treatments observed in our study. Apparently, the
effects of ants on predators, host feeding by parasitoids or other unknown causes are

important and should be further investigated.



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

24

Aknowledgments:

This work was supported by the project (RTA2010-00012-C02-02) assigned to F.G.M
from the Instituto Nacional de Investigacion y Tecnologia Agraria y Alimentaria (INTA) of

Spain.

References

Alvis, L. & Garcia-Mari, F. (2006) Identification and abundance of ants (Hymenoptera:

Formicidae) in citrus trees from Valencia (Spain) IOBC-WPRS Bulletin, 29(3), 111.

Alvis-Davila, L. (2003) Identificacion y abundancia de artropodos depredadores en
cultivos de citricos valencianos. Memoria De Tesis Doctoral. Universidad Politécnica de

Valencia.

Arnan, X., Cerda, X. & Retana, J. (2012) Distinctive life traits and distribution along
environmental gradients of dominant and subordinate mediterranean ant species.

Oecologia, 170(2), 489-500.

Bach, C. E. (1991) Direct and indirect interactions between ants (Pheidole megacephala),

scales (Coccus viridis) and plants (Pluchea indica) Oecologia, 87(2), 233-239.

Bartlett, B. (1961) The influence of ants upon parasites, predators, and scale insects.

Annals of the Entomological Society of America, 54(4), 543-551.

Bodenheimer, F. S. (1951) Citrus entomology in the Middle East. Citrus Entomology in

the Middle East.



567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

25

Buckley, R. & Gullan, P. (1991) More aggressive ant species (Hymenoptera: Formicidae)
provide better protection for soft scales and mealybugs (Homoptera: Coccidae,

Pseudococcidae) Biotropica, 282-286.

Buckley, R. (1987) Interactions involving plants, homoptera, and ants. Annual Review of

Ecology and Systematics, 18, 111-135.

Carroll, C. & Janzen, D. H. (1973) Ecology of foraging by ants. Annual Review of

Ecology and Systematics, 231-257.

Cerda, X., Palacios, R. & Retana, J. (2009) Ant community structure in citrus orchards
in the mediterranean basin: Impoverishment as a consequence of habitat

homogeneity. Environmental Entomology, 38(2), 317-324.

Daane, K. M., Sime, K. R., Fallon, J. & Cooper, M. L. (2007) Impacts of argentine ants
on mealybugs and their natural enemies in California’s coastal vineyards. Ecological

Entomology, 32(6), 583-596.

Dao, H.T., Meats, A., Beattie, G.A.C., & Spooner-Hart, R. (2013). Ant-coccid mutualism
in citrus canopies and its effect on natural enemies of red scale, Aonidiella aurantii
(Maskell) (Hemiptera: Diaspididae). Bulletin of Entomological Research, doi:

10.1017/S0007485313000187.

De Bach, P., Fleschner, C. & Dietrick, E. (1951) A biological check method for
evaluating the effectiveness of entomophagous insects. Journal of Economic Entomology,

44.

DeBach, P., Rosen, D. (1991) Biological control by natural enemies. Cambridge

University Press, Cambridge.



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

26

Driesche, R. V. (1983) Meaning of percent parasitism in studies of insect parasitoids.

Environmental Entomology, 12(6), 1611-1622.

Espadaler, X. & Gomez, C. (2003) The argentine ant, Linepithema humile, in the Iberian

peninsula. Sociobiology, 42(1), 187-192.

Flanders, S. E. (1945) Coincident infestations of Aonidiella citrina and Coccus

hesperidum, a result of ant activity. Journal of Economic Entomology, 38(6), 711-712.

Flanders, S. E. (1951) The role of the ant in the biological control of homopterous insects.

The Canadian Entomologist, 8§3(04), 93.

Flanders, S. E. (1958) The role of the ant in the biological control of scale insects in

California. Proceedings of the International Entomology Congress, Montréal, 4, 579-584.

Font de Mora, R. (1923) Sobre la presencia de la hormiga argentina (lridomyrmex

humilis) en Valencia. Boletin de la Real Sociedad espariola de Historia natural, 23, 77-78.

Garcia-Mari, F. (2012) Plagas de los citricos. Gestion integrada en paises de clima

mediterraneo. Phytoma (Ed.), Spain.

Garcia-Mari, F., Granda, C., Zaragoza, S. & Agusti, M. (2002) Impact of Phyllocnistis
citrella (Lepidoptera: Gracillariidae) on leaf area development and yield of mature citrus

trees in the mediterranean area. Journal of Economic Entomology, 95(5), 966-974.

Garcia-Mari, F., Vercher, R., Costa-Comelles, J., Marzal, C. & Villalba, M. (2004)
Establishment of Citrostichus phyllocnistoides (hymenoptera: Eulophidae) as a biological
control agent for the citrus leafminer Phyllocnistis citrella (Lepidoptera: Gracillariidae) in

Spain. Biological Control, 29(2), 215-226.



610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

27

Garcia-Mercet, R. (1923) Sobre la Icerya purchasi y 1a hormiga argentina. Bolletin De La

Real Sociedad Espanola De Historia Natural, 23, 14-15.

Haney, P., Luck, R. & Moreno, D. (1987) Increases in densities of the citrus red mite,
Panonychus citri [ Acarina: Tetranychidae], in association with the argentine ant,
Iridomyrmex humilis [Hymenoptera: Formicidae], in southern California citrus.

Entomophaga, 32(1), 49-57.

Heimpel, G. E., Rosenheim, J. A. & Mangel, M. (1997) Predation on adult Aphytis

parasitoids in the field. Oecologia, 110(3), 346-352.

Hoélldobler, B. & Wilson, E.O. (1990) The ants. Harvard University Press, Cambridge,

Massachusetts.

Holway, D. A., Lach, L., Suarez, A. V., Tsutsui, N. D. & Case, T. J. (2002) The causes

and consequences of ant invasions. Annual Review of Ecology and Systematics, 181-233.

Itioka, T. & Inoue, T. (1996a) The role of predators and attendant ants in the regulation
and persistence of a population of the citrus mealybug Pseudococcus citriculus in a

Satsuma orange orchard. Applied Entomology and Zoology, 31(2), 195-202.

Itioka, T. & Inoue, T. (1996b) The consequences of ant-attendance to the biological
control of the red wax scale insect Ceroplastes rubens by Anicetus beneficus. Journal of

Applied Ecology, 609-618.

Itioka, T. & Inoue, T. (1999) The alternation of mutualistic ant species affects the

population growth of their trophobiont mealyhug. Ecography, 22(2), 169-177.



630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

28

James, D., Stevens, M. & O'Malley, K. (1997) The impact of foraging ants on
populations of Coccus hesperidum L.(Hem., Coccidae) and Aonidiella aurantii (Maskell)
(Hem., Diaspididae) in an Australian citrus grove. Journal of Applied Entomology,

121(1-5), 257-259.

Janzen, D. H. (1966) Coevolution of mutualism between ants and acacias in Central

America. Evolution, 249-275.

Jervis, M. & Kidd, N. (1996) Insect natural enemies. Practical approaches to their study

and evaluation. Chapman & Hall Ltd.

Juan-Blasco, M., Tena, A., Vanaclocha, P., Cambra, M., Urbaneja, A. & Monzo, C.
(2010) Efficacy of a micro-encapsulated formulation compared with a sticky barrier for

excluding ants from citrus canopies. Journal of Applied Entomology, 135(6), 467-472.

Kaneko, S. (2003) Different impacts of two species of aphid-attending ants with different
aggressiveness on the number of emerging adults of the aphid's primary parasitoid and

hyperparasitoids. Ecological Research, 18(2), 199-212.

Kaplan, I. & Eubanks, M. D. (2005) Aphids alter the community-wide impact of fire

ants. Ecology, 86(6), 1640-1649.

Karamaouna, F., Pascual-Ruiz, S., Aguilar-Fenollosa, E., Verdi, M., Urbaneja, A. &
Jacas, J. (2010) Changes in predation and parasitism of the citrus leafminer Phyllocnistis
citrella Stainton (Lepidoptera: Gracillariidae) populations in Spain following establishment
of Citrostichus phyllocnistoides (Hymenoptera: Eulophidae) Biological Control, 52(1), 37-

45.



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

29

Karhu, K. J. (2002) Effects of ant exclusion during outbreaks of a defoliator and a

sap-sucker on birch. Ecological Entomology, 23(2), 185-194.

Katayama, N. & Suzuki, N. (2003) Bodyguard effects for aphids of aphis craccivora koch
(Homoptera: Aphididae) as related to the activity of two ant species, Tetramorium

caespitum Linnaeus (Hymenoptera: Formicidae) and Lasius niger L. (Hymenoptera:

Formicidae) Applied Entomology and Zoology, 38(3), 427-433.

Lawrence, J. M., Samways, M. J., Henwood, J. & Kelly, J. (2011) Effect of an invasive
ant and its chemical control on a threatened endemic Seychelles millipede. Ecotoxicology,

20(4), 731-738.

Markin, G. P. (1970) Foraging behavior of the Argentine ant in a California citrus grove.

Journal of Economic Entomology, 63(3), 740-744.

McPhee, K., Garnas, J., Drummond, F. & Groden, E. (2012) Homopterans and an

invasive red ant, Myrmica rubra (L.), in Maine. Environmental Entomology, 41(1), 59-71.

Mgocheki, N. & Addison, P. (2009) Interference of ants (Hymenoptera: Formicidae) with
biological control of the vine mealybug Planococcus ficus (Signoret) (hemiptera:

Pseudococcidae) Biological Control, 49(2), 180-185.

Mgocheki, N. & Addison, P. (2010) Spatial distribution of ants (Hymenoptera:
Formicidae), vine mealybugs and mealybug parasitoids in vineyards. Journal of Applied

Entomology, 134(4), 285-295.

Monz6, C., Juan-Blasco, M., Pekar, S., Molla, O., Castaiiera, P. & Urbaneja, A.
(2013) Pre-adaptive shift of a native predator (Araneae, Zodariidae) to an abundant

invasive ant species (Hymenoptera, Formicidae) Biological Invasions, 15(1), 89-100.



673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

30

Moreno, D., Haney, P. & Luck, R. (1987) Chlorpyrifos and diazinon as barriers to
Argentine ant (Hymenoptera: Formicidae) foraging on citrus trees. Journal of Economic

Entomology, 80(1), 208-214.

Murdoch, W. W, Luck, R. F., Swarbrick, S. L., Walde, S., Yu, D. S. & Reeve, J. D.

(1995) Regulation of an insect population under biological control. Ecology, 206-217.

Olotu, M. 1., Plessis, H., Seguni, Z. S. & Maniania, N. K. (2012) Efficacy of the African
weaver ant Oecophylla longinoda (Hymenoptera: Formicidae) in the control of Helopeltis
spp. (Hemiptera: Miridae) and Pseudotheraptus wayi (Hemiptera: Coreidae) in cashew

crop in Tanzania. Pest Management Science.

Palacios, R., Martinez-Ferrer, M. & Cerda, X. (1999) Composicion, abundancia y
fenologia de las hormigas (Hymenoptera: Formicidae) en campos de citricos de Tarragona.

Boletin De Sanidad Vegetal.Plagas, 25(2), 229-240.

Paris, C. I. & Espadaler, X. (2009) Honeydew collection by the invasive garden ant
Lasius neglectus versus the native ant L. grandis. Arthropod-Plant Interactions, 3(2), 75-

85.

Paulson, G. S. & Akre, R. D. (1992) Evaluating the effectiveness of ants as biological
control agents of pear phyla (Homoptera: Psyllidae) Journal of Economic Entomology,

Volume 85, Number 1, pp. 70-73(4)

Pekas, A., Tena, A., Aguilar, A. & Garcia-Mari, F. (2010a) Effect of Mediterranean ants
(Hymenoptera: Formicidae) on California red scale (Hemiptera: Diaspididae) populations

in citrus orchards. Environmental Entomology, 39(3), 827-834.



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

31

Pekas, A., Tena, A., Aguilar, A. & Garcia-Mari, F. (2010b) Influence of host size on
parasitism by Aphytis chrysomphali and A. melinus (Hymenoptera: Aphelinidae) in
Mediterranean populations of California red scale Aonidiella aurantii (Hemiptera:

Diaspididae). Biological Control, 55(2), 132-140.

Pekas, A., Tena, A., Aguilar, A. & Garcia-Mari, F. (2011) Spatio-temporal patterns and
interactions with honeydew-producing hemiptera of ants in a mediterranean citrus orchard.

Agricultural and Forest Entomology, 13(1), 89-97.

Pina, T. & Verdu Gallardo, M. J. (2007) El piojo rojo de california, "Aonidiella
aurantii" (Maskell), y sus parasitoides en citricos de la comunidad valenciana. Boletin De

Sanidad Vegetal. Plagas, 33(3), 357-368.

Pina, T., Verdu, M. J., Urbaneja, A. & Sabater-Munoz, B. (2012) The use of
integrative taxonomy in determining species limits in the convergent pupa coloration

pattern of Aphytis species. Biological Control, 61(1), 64-70.

Piiiol, J., Espadaler, X., Caiiellas, N. & Pérez, N. (2009) Effects of the concurrent
exclusion of ants and earwigs on aphid abundance in an organic citrus grove. Biocontrol,

54(4), 515-527.

Pinol, J., Espadaler, X., Caifiellas, N., Martinez-Vilalta, J., Barrientos, J. A. & Sol, D.
(2010) Ant versus bird exclusion effects on the arthropod assemblage of an organic citrus

grove. Ecological Entomology, 35(3), 367-376.

Piiiol, J., Ribes, E., Ribes, J., Espadaler, X. (2012a) Long-term changes and ant-
exclusion effects on the true bugs (Hemiptera: Heteroptera) of an organic citrus grove.

Agriculture, Ecosystems & Environment. 158, 127-131



716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

32

Piiol, J., Espadaler, X. & Caiiellas, N. (2012b) Eight years of ant-exclusion from citrus
canopies: Effects on the arthropod assemblage and on fruit yield. Agricultural and Forest

Entomology, 14(1), 49-57.

Powell, B. E. & Silverman, J. (2010) Impact of Linepithema humile and Tapinoma sessile
(Hymenoptera: Formicidae) on three natural enemies of Aphis gossypii (Hemiptera:

Aphididae) Biological Control, 54(3), 285-291.

Retana, J., Cerda, X. & Espadaler, X. (1992) Coexistence of two sympatric ant species,
Pheidole pallidula and Tetramorium semilaeve (Hymenoptera: Formicidae) Entomologia

Generalis, 17(1), 29-40.

Retana, J. & Cerda, X. (1994) Agonistic relationships among sympatric mediterranean

ant species (Hymenoptera: Formicidae) Journal of Insect Behavior, 8(3), 365-380.

Romeu-Dalmau, C., Espadaler, X. & Piiol, J. (2012) Abundance, interannual variation
and potential pest predator role of two co-occurring earwig species in citrus canopies.

Journal of Applied Entomology, 136(7), 501-509.

Rosen, D. & DeBach, P. (1979) Species of Aphytis of the world (hymenoptera:

Aphelinidae) Dr. W. Junk.

Rosumek, F. B., Silveira, F. A., de S. Neves, F., de U. Barbosa, Newton P, Diniz, L.,
OKki, Y., Cornelissen, T. (2009) Ants on plants: A meta-analysis of the role of ants as plant

biotic defenses. Oecologia, 160(3), 537-549.

Samways, M. (1983) Community structure of ants (Hymenoptera: Formicidae) in a series

of habitats associated with citrus. Journal of Applied Ecology, , 833-847.



737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

33

Samways, M., Nel, M. & Prins, A. (1982) Ants (Hymenoptera: Formicidae) foraging in
citrus trees and attending honeydew-producing homoptera. Phytophylactica, 14(4), 155-

157.

Schaffer, B., Peiia, J. E., Colls, A. M. & Hunsberger, A. (1997) Citrus leafminer
(Lepidoptera: Gracillariidae) in lime: Assessment of leaf damage and effects on

photosynthesis. Crop Protection, 16(4), 337-343.

Seifert, B. (1992) A taxonomic revision of the Palaearctic members of the ant subgenus
Lasius s. str. (Hymenoptera, formicidae) Abhandlungen Und Berichte Des

Naturkundemuseums Gorlitz, 66, 1-67.

Soto, A., Ohlenschliger, F. & Garcia-Mari, F. (2001) Population dinamics and
biological control of whiteflies Aleurothrixus floccosus, Dialeurodes citri and Parabemisia
myricae (Homoptera: Aleyrodidae) in citrus orchards of Valencia (Spain) Boletin De

Sanidad Vegetal. Plagas, 27.

Stadler, B. & Dixon, A. F. (2005) Ecology and evolution of aphid-ant interactions.

Annual Review of Ecology, Evolution, and Systematics, 345-372.

Steyn, J. (1954) The effect of the cosmopolitan Brown house ant (Pheidole megaecphala
F.) on Citrus Red Scale (aonidiella aurantii mask.) at Letaba. Journal of the Entomological

Society of Southern Africa, 17(2), 252-264.

Styrsky, J. D. & Eubanks, M. D. (2007) Ecological consequences of interactions between
ants and honeydew-producing insects. Proceedings of the Royal Society B: Biological

Sciences, 274(1607), 151-164.



758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

34

Teresa Martinez-Ferrer, M., Grafton-Cardwell, E. E. & Shorey, H. H. (2003)
Disruption of parasitism of the California red scale (Homoptera: Diaspididae) by three ant

species (Hymenoptera: Formicidae) Biological Control, 26(3), 279-286.

Townsend, G. & Heuberger, J. (1943) Methods for estimating losses caused by diseases

in fungicide experiments. Plant Disease Reporter, 27(17), 340-343.

Urbaneja, A., Muiioz, A., Garrido, A. & Jacas, J. (2004) Which role do lacewings and
ants play as predators of the citrus leafminer in Spain. Spanish Journal of Agricultura

(Research, 2(3), 377-384.

Vanaclocha, P., Monzé, C., Gomez, K., Tortosa, D., Pina, T., Castaiiera, P. &
Urbaneja, A. (2005) Hormigas (Hymenoptera: Formicidae) presentes en el suelo de los
citricos de la provincia de Valencia. Phytoma Esparia: La Revista Profesional De Sanidad

Vegetal, (171), 14-25.

Vanek, S. J. & Potter, D. A. (2010) Ant-exclusion to promote biological control of soft
scales (hemiptera: Coccidae) on woody landscape plants. Environmental Entomology,

39(6), 1829-1837.

Van Mele, P: & Van Lenteren, J. (2002) Habitat manipulation for improved control of
citrus leafminer and mite pests in a mixed orchard-ricefield landscape, Mekong Delta,

Vietnam. Agriculture, Ecosystems & Environment, 88 (1), 35-48.

Vercher, R., Garcia Mari, F., Costa Comelles, J., Marzal, C. & Granda, C. (2000)
Importacion y establecimiento de parasitos del minador de hojas de citricos phyllocnistis

citrella (lepidoptera: Gracillariidae) Boletin De Sanidad Vegetal.Plagas, 26(4), 577-590.



779

780

781

782

783

784

785

786

787

788

789

790

35

Volkl, W., Woodring, J., Fischer, M., Lorenz, M. W. & Hoffmann, K. H. (1999) Ant-
aphid mutualisms: The impact of honeydew production and honeydew sugar composition

on ant preferences. Oecologia, 118(4), 483-491.

Wiickers, F. (2005) Suitability of (extra-) floral nectar, pollen, and honeydew as insect
food sources. Plant-Provided Food for Carnivorous Insects: A Protective Mutualism and

its Applications, 17-74.

Way, M. J. (1963) Mutualism between ants and honeydew-producing homoptera. Annual

Review of Entomology, 8(1), 307-344.

Yoo, H. J. S. & Holway, D. A. (2011) Context-dependence in an ant—aphid mutualism:
Direct effects of tending intensity on aphid performance. Ecological Entomology, 36(4),

450-458.



36

Table 1. Results of one-way analysis of variance for the effect of ant-excluded and ant-allowed treatments on A) Aonidiella aurantii populations on fruits B) A.
aurantii populations on twigs, C) percentage of shoots occupied by Aleurothrixus floccosus and D) percentage of leaf loss caused by Phyllocnistes citrella in

three citrus orchards in eastern Spain in 2011 and 2012 each one of them with presence of Lasius grandis, Pheidole pallidula or Linepithema humile (n.d. = not

determined).

Orchard A (Pheidolle pallidula) Orchard B (Lasius grandis) Orchard C (Linepithema humile)

Herbivore species Month/Year df F P df F P df F P

A) Aonidiella aurantii on twigs

May 2011 1,127 0.59 0.4451 1,127 2.37 0.1261 n.d n.d nd
June 2011 1,127 0.69 0.4078 1,127 0.01 0.9388 1,127 0.75 0.3872
July 2011 1,127 0.42 0.5199 1,127 451 0.0357 1,127 0.37 0.5456
May 2012 1,127 5.52 0.0204 1,127 2.03 0.1567 1,127 0.43 0.5121
June 2012 1,127 0.8 0.3737 1,127 2.11 0.1491 1,127 2.56 0.1119
July 2012 1,127 1.3 0.2557 1,127 8.4 0.0044 1,127 0.56 0.4576

B) Aonidiella aurantii on fruits
August 2011 1,626 3.05 0.0806 1,459 24.7 <0.0001 1,578 54.02 <0.0001
September 2011 1,639 8.17 0.0043 1,639 28.12 <0.0001 1,639 52.88 <0.0001
October 2011 1,639 20.33 <0.0001 1,628 43.33 <0.0001 1,631 39.13 <0.0001
November 2011 1,634 11.83 0.0006 1,613 41.4 <0.0001 1,639 15.54 0.0001
September 2012 1,639 11.76 0.0006 1,638 23.15 <0.0001 1,607 10.07 0.0015
October 2012 1,639 0.92 0.3378 1,639 1.08 0.298 1,599 15.91 0.0001
November 2012 n.d n.d n.d n.d n.d n.d 1,639 3.28 0.0701
C) Aleurothrixus floccosus

July 2011 1,31 3.29 0.0796 1,31 0.12 0.733 1,31 8.01 0.0082
August 2011 1,31 1.17 0.2877 1,31 0.22 0.6436 1,31 7.61 0.0098
September 2011 1,31 5.86 0.0218 1,31 0.03 0.8667 1,31 9.6 0.0042
July 2012 n.d n.d n.d n.d n.d n.d 1,31 5.03 0.0324
August 2012 n.d n.d n.d n.d n.d n.d 1,31 6.02 0.0202

October 2012 1,31 4.58 0.0405 1,31 3.4 0.0752 n.d n.d n.d

D) Phyllocnistis citrella

August 2011 1,873 0.04 0.839 1,834 0.6 0.4375 1,691 20.86 <0.0001

October 2011 1,730 10.34 0.0013 1,752 1.45 0.2279 n.d n.d n.d

October 2012 1,503 0.07 0.7975 1,472 4.52 0.034 1,513 0.2 0.6514
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Table 2: Results of one-way analysis of variance for the effect of ant-excluded and ant-allowed treatments on mean (SE) percent parasitism of A) Aonidiella
aurantii on twigs. B) A. aurantii on fruits. C) Aleurothrixus floccosus and D) Phylocnistes citrella in three citrus orchards in eastern Spain in 2011 and 2012

each one of them dominated by Lasius grandis. Pheidole pallidula or Linepithema humile (n.d. = not determined).

Orchard A (Pheidolle pallidula) Orchard B (Lasius grandis) Orchard C (Linepithema humile)
Herbivore Ant- Ant- Ant- Ant- Ant- Ant-
. Month/Year df F P df F P df F P
species excluded allowed excluded allowed excluded allowed
A) Aonidiella June 2011 3.23+12 406407 1,7 0.6 0.4697 1.61+16 0 1,7 1 0.3559 247408 0.76+0.76 1,7 2.15 0.1929
aurantii on twigs July 2011 17.7+3 18.92+3.6 1,7 0.13 0.7322 26.16+8.8 6.7+3.0 1,7 5.63 0.0554 16.95+3.6 3.64+2.4 1,7 8.71 0.0256
July 2012 496+3.4 12.06+3.4 1,7 3.35 0.117 1.14+1.1 43+25 1,7 0.86 0.3884 15.59+10.4 9.38+6 1,7 0.28 0.6144
September 2011 75.74+£8.5 55.62+3.2 1,7 2.27 0.1822 59.28+7.9 56.74+4.7 1,7 0.09 0.7691 57.9+5.7 39.48+6.3 1,7 4.75 0.0722
B) Aonidiella November 2011 35.22+4.4 2476 £ 6 1,7 1.68 0.242 26.7 £10.1 31.57+8 1,7 0.22 0.654 36.43+9.4 29.77+10.8 1,7 0.32 0.5946
aurantii on fruits  September 2012 28.42+6.8 3244144 17 027 0.623 25.98+3.5 31.25+2 1,7 147 02711  5272+6.6 41.66+47 17 18 0.2283
October 2012 n.d n.d nd nd n.d n.d nd nd nd n.d 41.4+39 3594 +4.1 1,7 09 0.3788
+
November 2012 48.33+79 64.03+55 1,7 2.67 0.1537 Sj'gi_ 51.42+3.8 1,7 0.38 0.5585 25.2+2.7 17.32+2.7 1,7 4.25 0.0848
July 2011 14.72+3.0 15+2.4 1,111 0.09 0.7613 16.46 £+ 3.5 10424 1,93 2.62 0.1088 32.24+5.2 2533+35 1,106 0.87 0.3532
August 2011 n.d n.d nd nd n.d n.d n.d nd nd n.d 9.46+2.6 17.73+3.4 1,96 2.29 0.1335
C) Aleurothrixus

floccosus September 2011 28.3+9.7 41+11.4 1,22 0.66 0.426 24.6£8.5 25.24+56 1,39 0.02 0.8817 23.3+6.8 23.31+7.3 1,38 0.04 0.8389
July 2012 n.d n.d nd nd n.d n.d n.d nd nd n.d 8.64+1.6 9.81+2 1,152 0.02 0.885
August 2012 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 28.38 £3.7 20.5+3 1,124 2.71 0.1023

October 2012 31.76 £4.7 3393+46 198 0.08 0.7795 2493 +4.7 25.1+4.1 1,107 0.01 0.9238 n.d n.d n.d nd n.d

D) Phyllocnistes
) C)'ltrella September 2011 57.75+9 63.94+13.7 1,7 0.33 0.5859 62.69+8.3 4346+6.03 1,7 3.58 0.1075 40.83+0.6 37.03+3.6 1,7 0.56 0.4814
i

September 2012 62.26+59 5535+53 1,7 0.78 0.4113 65.01+6.1 56.4+4.2 1,7 132 0.2936 60 + 16.6 67324 1,7 0.14 0.7198
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FIGURES:

Figure 1. Mean (+SE) ant activity (number of ants ascending or descending the tree trunk
per minute) in ant-allowed and ant-excluded trees in 2011 and 2012 in three citrus orchards
in eastern Spain each one of them with presence of Lasius grandis, Pheidole pallidula or

Linepithema humile.

Figure 2. Mean (+ SE) California red scale infestation index on (A) fruits and (B) twigs in
ant-allowed and ant-excluded treatments in 2011 and 2012 in three citrus orchards in
eastern Spain, each one of them with presence of Lasius grandis, Pheidole pallidula or
Linepithema humile. For each sampling date, asterisk indicates significant differences
between treatments (p <0.05). For the entire period, CRS infestation on twigs was
significantly higher in the ant-allowed than in the ant-excluded trees in the case of orchard
the orchard dominated by L. grandis, whereas CRS infestation on fruits was higher in the
ant-allowed treatment for the three orchards for the three ant species studied (in both cases

Repeated measures ANOVA, LSD test; see text for details).

Figure 3. Mean (+ SE) percentage of shoots occupied by Aleurothrixus floccosus in ant-
allowed and ant-excluded treatments in three citrus orchards in eastern Spain in 2011 and
2012 each one of them with presence of Lasius grandis, Pheidole pallidula or Linepithema
humile. For each sampling date, asterisk indicates significant differences between
treatments (p<0.05). for the entire period, the percentage of shoots occupied by A.

floccosus was significantly higher in the ant-allowed treatment in the case of P. pallidula
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and L. humile whereas no significant differences were found between treatments for L.

grandis (repeated measures ANOVA, LSD test; see text for details).

Figure 4. Mean (+ SE) percentage of leaf surface loss caused by Phyllocnistis citrella
larvae in ant-allowed and ant-excluded treatments in three citrus orchards in eastern Spain
in 2011 and 2012 each one of them with presence of Lasius grandis, Pheidole pallidula or
Linepithema humile. For each sampling date, asterisk indicates significant differences
between treatments (significance level: p<0.05). for the entire period we found no
significant differences in the percent of leaf surface loss between ant-allowed and ant-
excluded treatments for none of three ant species (repeated measures ANOVA, LSD test;

see text for details).



