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ABSTRACT

The Texas citrus mite, Eutetranychus banksi (McGregor) (Acari: Tetranychidae), is a
citrus pest widely distributed throughout the Americas and recently introduced in Spain. In
this study we studied the within-tree distribution of E. banksi and the predatory phytoseiid
mites, identify the phytoseiid species associated with the pest, and describe the seasonal
trends to analyse the predator’s behaviour in response to the increase in pest density,
allowing evaluation of biological control possibilities. The Texas citrus mite was mainly
found on the adaxial (upper) side of leaves from the current year’s shoots located at
the periphery of the tree canopy, whereas phytoseiids prefer the abaxial (lower) side of
leaves inside the tree canopy. The spider mite preferred to feed on leaves rather than
fruits, whereas phytoseiids use both substrates equally. Eutetranychus banksi showed
a single population peak in late summer-early autumn, while phytoseiids showed two
peaks, a main spring peak and a second less abundant in autumn. The seasonal dynamics
of E. banksi and phytoseiids on fruits occurred in parallel to those recorded on leaves.
Euseius stipulatus (Athias-Henriot) was the most frequent and abundant phytoseiid
species, apparently displacing other predatory mites. In autumn, when E. banksi reached
high densities, phytoseiids moved from the leaf abaxial sides inside the tree canopy to the
adaxial sides on the periphery and to the fruits, to feed on E. banksi. In addition, a change
in phytoseiid colouration from white to reddish-brown was observed. Both, the number
of red phytoseiids and their leaf occupation increased significantly in response to the prey
population growth, which was indirect evidence of their contribution to the biological pest
control. However, the low predator:prey ratios observed cannot avoid the pest population
growth.

Keywords crop protection; invasive pest; pest management; Spain; spider mite

Introduction

The Texas citrus red mite, Eutetranychus banksi (McGregor) (Acari: Tetranychidae), is an
important citrus pest first recorded on citrus in 1935 from Rio Grande Valley in Texas (Dean
1952, 1959b, 1980), and now widely distributed throughout the Americas, being cited from
the southern United States to northern Argentina and reported from most countries in Latin
America (Migeon and Dorkeld 2022). Far from its native region, Texas citrus mite was found in
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Egypt (Abdel-Shaheed et al. 1973), and more recently in Portugal (Carvalho ef al. 1999), Spain
(Garcia et al. 2003) and Iran (Beyzavi et al. 2013). Since its arrival in the Iberian Peninsula,
severe damage to citrus has been recorded in the Algarve region of southern Portugal, making
it a key pest (Gongalves ef al. 2002). In 2001, Spanish citrus orchards in Ayamonte and Isla
Cristina (Huelva province) were invaded by E. banksi. Although we have no information
about the dissemination pathway followed by the mites, it has been suggested that they were
carried in fruit containers that are frequently exchanged by Portuguese and Spanish farmers
in the border area (Garcia ef al. 2003). In 2013, E. banksi was suddenly detected in La Safor
(Valencia province) more than 800 km away from Ayamonte, and the following year in other
regions of the provinces of Valencia and Alicante, affecting the main citrus-growing area of the
eastern Mediterranean in Spain. Because no geographical spread of this species throughout the
citrus-growing regions of southern Spain was detected, it seems that the Valencian populations
came directly from Huelva via contaminated plant material (Ferragut 2016).

On citrus trees, Eutetranychus banksi feeds by consuming the contents of mesophyll plant
cells, reducing the leaf photosynthetic capacity, and promoting defoliation, which may result
in a decrease in yield. In addition, an aesthetic damage to the fruits is produced, resulting in a
lack in pigmentation, which could reduce their economic value (Garcia et al. 2003; Monz6 et
al. 2016). Furthermore, it is one of the most polyphagous spider mite species reported on 110
hosts belonging to 34 plant families, mostly Fabaceae (22 species) and Rutaceae (9 species),
infecting other crops and many ornamental plants (Migeon and Dorkeld 2022).

Chemical control is commonly used to maintain mite populations at low levels. The Texas
citrus mite has been shown to be sensitive to numerous acaricides, being easy to keep under
control with this strategy (Monz6 ef al. 2016). However, under the perspective of Integrated
Pest Management (IPM), cultural practices, biological and biotechnological control should
be combined with chemicals to produce healthy crops and minimize the use of pesticides,
reducing the risks to human health and the environment. Before developing an IPM programme
against E. banksi, it is necessary to have a better understanding about the population biology
of the pest, as well as its natural enemies. Phytoseiid mites have been widely cited as the main
natural enemies of spider mites on citrus crops around the world (Gerson 2003; Vacante 2010).
Therefore, we aimed to: (i) study the within-tree distribution of E. banksi and phytoseiid mites,
(ii) describe the seasonal trends of E. banksi and phytoseiids, and (iii) identify the phytoseiid
species associated with E. banksi, as well as (iv) analyse the behaviour of the predatory mites
in response to the increase in pest density.

Material and methods
Sampled orchards

The study was conducted across four citrus orchards in 2018 and six in 2019; only two of them
were monitored during the two years. All the orchards were commercial citrus plantations
situated in an extensive citrus monoculture region in the Valencian Community (Spain). The
orchards were selected due to the presence of evident symptoms of damage produced by E.
banksi on the leaves of the previous year. Furthermore, the selection was carried out aiming to
include different citrus varieties and environmental conditions. In the first year, two sampling
areas were selected according to their climatic differences, Picassent in the centre of Valencia
province and Pego in the north of Alicante province. The second year, in addition to these
two areas, a third one was incorporated in the locality of Riola, in the south of the Valencia
province (Table 1). The orchards were all planted with different cultivars of Citrus x aurantium
L., including three sweet orange varieties [ Valencia late, Salustiana, and Navelina], and three
mandarins [Oronules, Ortanique and Clemenvilla]. All the orchards ranged from 0.2 to 2 ha in
land area and had normally developed 11 to 15-year-old trees in full production drip irrigated.
The selected orchards were under several pest management strategies which included (i) zero
residue, based on the use of chemicals for pest management producing fruits without chemical
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residues, as well as chemical nutrition for the crop, (ii) conventional, based on the use of
chemical pesticides leaving residues on fruit, as well as chemical nutrition, (iii) organic, based
on the use of organic pesticides and nutrition. Despite this, orchards had not been sprayed with
pesticides for at least 6 months before sampling (Table 1).

Sampling procedure

In each orchard, approximately 10% of the trees were marked and randomly sampled regularly.
The marked trees were not sprayed with pesticides during the sampling period. Sampling was
conducted weekly, during the period of peak pest abundance (July-November), and fortnightly
during the rest of the year. On each sampling date, 25 inner and 25 outer leaves from each
citrus sprouting (spring, summer, and autumn) belonging to the previous and the current year,
were randomly collected around the marked trees canopy in each sampled orchard. In addition,
and depending on their availability, 25 fruits per orchard were randomly collected from the
outer part of the marked trees canopy. All the leaves of the same position and sprouting were
combined in a plastic bag and transported to the laboratory inside a portable cooler. Fruits from
the same orchard were transported in plastic containers. Within the next 24 h, leaves and fruits
were examined under the stereomicroscope. All the development stages, from egg to adult, of
E. banksi and phytoseiid mites were counted on leaves and fruits. Furthermore, in the case of
leaves, their position on the adaxial (upper) or abaxial (lower) side of the leaf was recorded.
The motile forms of phytoseiids from each sampling and orchard were extracted from the leaves
and fruits using a fine brush and placed inside plastic tubes containing 70% ethanol. They were
subsequently mounted on microscope slides using Heinze-PVA after clearing with Nesbitt’s
medium. Nymphs and adults were identified at the species level. Larvae, which represent the
smallest percentage of the total motile forms due to its short duration, could not be assigned to
any phytoseiid species. In total, 49,350 leaves and 5,175 fruits were counted from 69 samplings
carried out during 2018 and 2019. Regarding phytoseiids, 5,338 individuals were determined
at species level.

Data Analysis

In the sampling data all the development stages were pooled together and averaged per
sampling (date) and sample unit (leaf or fruit), using this value for graphics and statistical
analysis. Samplings with 0 values were eliminated from the analysis. The average number of
mites per cm? was used to compare fruits and leaves, due to the differences in surface area
between these two structures. The within-tree distribution analysis was carried out at four levels
(canopy, leaf, leaf age, and fruit) by comparing the mean number of mites in different positions
at each level. For this purpose, data were tested for normal distribution using the Shapiro-Wilk
test and for homogeny of variances using Levene’s test. Data were log-transformed to fulfil the
homogeneity of variances requirements of the Wilcoxon rank-sum test (Wilcoxon 1945), used
to evaluate the difference between the means in the different positions.

Table 1 Sampled sites, years, varieties and pest management practices.

Sampling year Locality Citrus variety Management
2018-2019 Picassent Oronules Conventional
2018 Picassent Ortanique Organic
2018-2019 Pego Navelina Zero residue
2018 Pego Valencia late Organic
2019 Picassent Salustiana Conventional
2019 Pego Navelina Zero residue
2019 Pego Clemenvilla Conventional
2019 Riola Navelina Organic
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Data from seasonal monitoring of E. banksi and phytoseiids were represented graphically
to show the seasonal abundance trends on leaves and fruits. Daily air temperature and relative
humidity data were obtained from three meteorological stations from the Valencia Association
of Meteorology (AVAMET), each one situated in each three sampled localities (Picassent, Pego
and Riola). The maximum, mean, and minimum daily air temperature, as well as the daily
relative humidity were represented in the seasonal abundance graphs. The absolute and relative
abundance, and the frequency of occurrence for all the phytoseiid species were calculated.

Finally, to evaluate the biological control possibilities by the phytoseiid mites, we aimed
to detect changes in the spatial distribution of these predatory mites at three spatial levels:
canopy, leaf, and fruit. If phytoseiids are actively preying on E. banksi individuals, they should
appear associated with them at different spatial levels. In addition, we expected a change in the
coloration of the phytoseiids (from white to red), indicative of predation on their presumptive
prey E. banksi since no other potential prey with reddish-brown coloration was detected on
the leaves at the same time. To explore this change in behaviour, we plotted the percentage of
phytoseiids at each position for each of the three levels, as well as the percentage of phytoseiids
with different colour along the seasonal dynamics of E. banksi. In order to statistically test
whether the predatory mites changed their behaviour as a result of the increase in prey density,
three approaches were carried out at the three levels mentioned above. Firstly, (i) Binomial
(logit-link) generalized linear models (GLMs) were performed to evaluate the effect of the mean
number of E. banksi on occupancy of phytoseiids. To evaluate the change in mite coloration,
the relationship between the mean number of E. banksi on the proportion of phytoseiids with
different coloration was tested using the same methodology. To deal with the overdispersion in
the data analysis, the standard errors of the estimated coefficients in the model were corrected
by using a quasi-binomial error distribution (Zuur et al. 2009). Secondly, (ii) Linear Models
(LMs) were used to evaluate the influence of the mean number of E. banksi on the mean number
of phytoseiids. To test the coloration hypothesis, the relationship between the mean number
of E. banksi and red phytoseiids found was tested using the same approach. The data were
log-log transformed to fulfil the assumptions of normality tested with Shapiro-Wilk’s test, and
homogeneity of the residual variance tested with Breusch-Pagan’s test (Breusch and Pagan
1979). Finally, (iii) Contingency tables and Chi-square test (Gardener 2012) were used to assess
the association between E. banksi and predatory phytoseiids (Garcia-Mari et al. 1991). This
methodology was used to study the effect of the presence of E. banksi on the occupancy and
the number of phytoseiids at the three spatial levels of study. The colour change of phytoseiids
was also evaluated by this methodology. We performed all statistical analysis with R version
3.6.1 (R Core Team 2019). Wilcoxon’s rank-sum test was performed using the package “coin”
(Hothorn et al. 2006), and Breusch-Pagan’s test was performed using the package “car” (Fox
and Weisberg 2019). The graphs of the GLM and LM models were plotted with the package
“visreg” (Breheny et al. 2017).

Results
Within-tree distribution analysis

The mean number of E. banksi per leaf (mean + standard error, SE) in the periphery (outside)
of the canopy (12.08 + 2.38) was significantly higher than inside (2.95 + 0.62) (Z=-2.41, P =
0.015) (Figure 1a). At the leaf level, E. banksi was more abundant on the adaxial side of the
leaf (8.93 £ 1.77) than on the abaxial side (1.96 + 0.40) (Z =-3.50, P = 0.0003) (Figure 1b).
Leaf age was also a factor influencing the abundance of the species, since E. banksi density
on leaves of the current year “New leaves” (17.07 + 3.23), was higher compared to the leaves
of the previous year “Old leaves” (10.88 + 2.19) (Z = 3.92, P <.0001) (Figure 1c). Finally,
statistically significant differences were observed between leaf and fruit, since we found a
higher mean number of mites per cm? on the leaf (0.23 £ 0.04) than on the fruit (0.10 £ 0.02)
(Z=2.06, P =0.040) (Figure 1d).
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Figure 1 Mean number of E. banksi (a—d) and phytoseiid mites (e-h) per leaf or per cm? of leaves and fruits. Capped bars represent + standard
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Phytoseiids showed a different pattern of spatial distribution. When we focus on the canopy,
the mean number of phytoseiids per leaf inside the canopy (0.78 + 0.10) was significantly higher
than outside (0.09 + 0.012) (Z = 6.96, P < .0001) (Figure le). Regarding leaves, phytoseiid
density was higher on the abaxial (0.45 £ 0.07) side compared to the adaxial side (0.04 + 0.005)
(Z=17.004, P<.0001) (Figure 1f). Leaf age also affected the abundance of phytoseiids, since
the population density on leaves from the previous year (0.16 + 0.02) was significantly higher
than on the current year ones (0.04 £ 0.006) (Z =-5.48, P <.0001) (Figure 1g). When we
compared leaves and fruits, we did not observe significant differences in the mean number of
phytoseiids per cm? in both substrates (Z = —1.52, P = 0.132) (Figure 1h).

Seasonal trends of E. banksi and phytoseiid mites

The development of E. banksi showed a similar trend over the two-year period of study. The
density of this mite on the citrus leaves started to increase rapidly in late summer, during the
month of August, showing unimodal dynamics, with one single annual peak in late summer-
early autumn. The peak population density on leaves reached an average of 25.69 + 2.17
and 58.76 + 3.27 mites per leaf in 2018 and 2019, respectively. Afterwards, the population
decreased and was extremely low and even undetectable during winter. The pest density on
fruits followed the same seasonal trend as on the leaves. The peak density on fruits reached an
average of 28.76 £ 5.90 and 52.16 + 6.31 mites per fruit in 2018 and 2019, respectively (Figure
2).

Phytoseiids also showed a similar seasonal trend during the two years of study. They
presented bimodal dynamics with a spring peak of greater importance during May—June, and
a second autumn peak of lesser importance in October—November. Furthermore, in 2018 a
peak prior to the main one occurred in April. The main spring peak population density reached
an average of 1.38 £ 0.17 and 1.17 £ 0.11 mites per leaf in 2018 and 2019, respectively. In
autumn, the maximum density was 0.25 + 0.06 and 0.34 = 0.03 mites per leaf. Subsequently,
the phytoseiids increased in 2018 and decreased in 2019 resulting in values that remain around
0.25 phytoseiids per leaf during winter. On fruits, the phytoseiids presented low values during
the summer, and their abundance increased during autumn reaching average values of around
0.5 or even 1 mite per fruit in 2018 and 2019, respectively (Figure 2).

Phytoseiid species found on the trees

The most abundant and frequent species was Euseius stipulatus (Athias-Henriot) with 4,844
(90.75% of the total phytoseiids) individuals retrieved in 88% of the samplings. Typhlodromus
phialatus Athias-Henriot was the following species in abundance with 290 (5.43%) individuals
and 37.82% in frequency. A third species was Neoseiulus californicus (McGregor), which
showed an abundance of 182 (3.41%), and occurred in 8.36% of the samplings. Finally, the
remaining species Paraseiulus talbii (Athias-Henriot), Neoseiulus barkeri Hughes, Neoseiulella
litoralis (Swirski & Amitai) and Neoseiulus madeirensis Papadoulis & Kapaxidi were scarcely
present on the tree’s canopy (Table 2).

Euseius stipulatus was the most abundant phytoseiid species during winter and spring
of 2018 and 2019. However, in the month of July of both years, we found a decline in its
abundance. Following this decline, in both years there was an increase in the abundance of 7.
phialatus and N. californicus in early autumn. This effect was more pronounced in 2019. In
August of that year, 7. phialatus with 29 individuals collected (80.56%, relative abundance) was
more abundant than E. stipulatus (7 individuals; 19.44% relative abundance). In September,
both T phialatus (22; 41.51%) and N. californicus (22; 41.51%) were more abundant and
frequent than E. stipulatus (9; 16.98%). In October, E. stipulatus (121; 40.33%) recovered,
while N. californicus (108; 36.00%) increased and outcompeted 7. phialatus (71; 23.67%). In
November, E. stipulatus did not increased in absolute abundance but continued its increase in
relative abundance (123; 77.36%), compared to 7. phialatus (6; 3.77%) and N. californicus (30;
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18.87%). With the arrival of winter, in December, Euseius stipulatus (145; 91.77%) recovered
its complete dominance over T. phialatus (5; 3.16%) and N. californicus (7; 4.43%) (Figure 3).

Phytoseiid behaviour in response to pest density

Using the data obtained under field conditions, we plotted the relationship of the seasonal
dynamics of E. banksi against the percentage of phytoseiids at four spatial levels through 2018
and 2019 (Figure 4). As graphically we observed that E. banksi density was influencing the
spatial distribution of phytoseiids we performed a statistical analysis of the data. Regarding

Lopez-Olmos S. and Ferragut F. (2024), Acarologia 64(2): 480-498. https://doi.org/10.24349/pv5i-1hqj 486


https://www1.montpellier.inrae.fr/CBGP/acarologia/
https://doi.org/10.24349/pv5i-1hqj

Acaroloaia

OE. stipulatus OT. phialatus BN. californicus mOthers

100% 1 I~ —— —

1

Decline
75% A E. stipulatus

50% 1

Relative abundance (%)

25% A

)

Decline
E. stipulatus

0%

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec|Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2018 2019

Figure 3 Seasonal relative abundance of motile forms of phytoseiid species in four (2018) and six
(2019) citrus orchards. Percentage of each species per sampling is represented. The summer decline
of E. stipulatus is represented by arrows in the graph.

the canopy, we observed a significative increase in the proportion of leaves occupied by
phytoseiids on the periphery of the canopy when E. banksi population increased (Table 3a,
Figure 5a). Furthermore, we also detected a significative increase in the number of phytoseiids
outside the canopy when E. banksi increased in abundance (Table 4a, Figure 5¢). When
focusing on leaves outside the tree canopy, the proportion of adaxial leaf surfaces occupied
by phytoseiids increased with E. banksi population (Table 3b, Figure 5b). In parallel, the
number of phytoseiids on the adaxial side of leaves also increased (Table 4b, Figure 5f). The
colour of the phytoseiids was also significantly affected by the presence of E. banksi. The
proportion of leaves occupied by red phytoseiids and the number of coloured phytoseiid
increased significantly in response to E. banksi populations (Tables 3¢ and 4c, Figures 5c
and 5g). Finally, we also found a significant influence of E. banksi density in fruits on the
proportion of occupied fruits by phytoseiids (Table 3d, Figure 5d), as well as the number of
them per fruit (Table 4d, Figure 5h).

The Contingency tables and Chi-square tests confirmed the results obtained from the GLM

Table 2 Abundance, relative abundance, and frequency of phytoseiid mites. Abundance represents
the number of individuals of each species collected; Relative abundance is the percentage of individ-
uals of each species with respect to the total number of phytoseiids; Frequency is the percentage of
samples in which a certain phytoseiid species occurred with respect to the total number of samples
collected.

Phytoseiid species Abundance Relative abundance (%) Frequency (%)

Euseius stipulatus (Athias- Henriot) 4844 90.75 88

Typhlodromus phialatus Athias-Henriot 290 5.43 37.82
Neoseiulus californicus (McGregor) 182 341 8.36
Paraseiulus talbii (Athias Henriot) 17 0.32 291
Neoseiulus barkeri Hughes 2 0.04 0.73
Neoseiulella litoralis (Swirski & Amitai) 2 0.04 0.36
Neoseiulus madeirensis Papadoulis & Kapaxidi 1 0.02 0.36
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Figure 5 (a—d) Representation of the binomial (logit-link) generalized linear models (GLMs) showing the relationship between the proportion
of leaves occupied by phytoseiids outside the canopy (canopy), on the adaxial side of the leaves (leaf), the occupation on leaves by red-coloured
phytoseiids (colour), and the proportion of fruits occupied by phytoseiids (fruit) (y-axis), compared with the mean number of E. banksi per fruit
or leaf (x-axis). In the graphs the prediction lines were plotted in black and the 95% confidence bands in grey. (e—h) Representation of the
linear models (LMs) showing the relationship between the mean number of phytoseiids per sample unit on the outside canopy, on the adaxial
leaf side, red-coloured, and collected on fruits (y-axis), compared with the mean number E. banksi per leaf or fruit (x-axis). Prediction lines
and confidence bands were plotted in the same way as on the GLMs.

Lopez-Olmos S. and Ferragut F. (2024), Acarologia 64(2): 480-498. https://doi.org/10.24349/pv5i-1hqj 489


https://www1.montpellier.inrae.fr/CBGP/acarologia/
https://doi.org/10.24349/pv5i-1hqj

Acaroloagia

E. banksi Presence

E. banksi Absence

E. banksi Presence

E. banksi Absence

E. banksi Presence

E. banksi Absence

E. banksi Presence

E. banksi Absence

a: Outside canopy occupation ***
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b: Adaxial side leaf occupation ***
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OOccupied Adaxial sides
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c: Phytoseiids coloration ***
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d: Fruit occupation ***
0.72 0.28
0.90 010 OUnoccupied fruits
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Proportion leaves or fruits occupied by Phytoseiids

Figure 6 Proportion of leaves occupied (grey legend) or unoccupied (white legend) by phytoseiids outside the canopy (a), on adaxial side of
leaves (b), red coloured phytoseiids on leaves (c), and phytoseiid on fruits (d), when E. banksi occurred or was absent. Significant differences
are denoted with asterisks. Chi square contingency test: P < (0.0001.
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Table 3 Results of the binomial (logit-link) generalized linear models (GLMs) on the occupancy by
phytoseiids outside the canopy, on the adaxial side of the leaves, as well as the occupation on leaves
by red-colour phytoseiids, and the occupancy by phytoseiids on fruits, depending on the mean number
of E. banksi per sample unit.

Coefficients Std Error Resid. Dev Pr (>Chi) Pseudo R?
Biological Control GLMs
a. Canopy (Outside)
(Intercept) -3.131 0.182 1417.3 - -
Mean number of E. banksi 0.023 0.006 1004.5 0.0001063 *** 0.291
b. Leaf (Adaxial side)
Intercept -4.069 0.17 7234 - -
Mean number of E. banksi 0.028 0.005 400.8 1.348e-08 *** 0.446
c. Colour (Red phytoseiids)
Intercept -4.22 0.193 998 - -
Mean number of E. banksi 0.036 0.005 408.3 1.720e-13 *** 0.591
d. Fruit
Intercept -1.994 0.166 4444 - -
Mean number of E. banksi 0.032 0.007 294 8.477e-06 *** 0.338

Signif. codes: 0 “***>0.001 “**>0.01 “** 0.05 > 0.1 *” 1

and LM models. In relation to occupancy, there was a significant increase in leaf occupancy
by phytoseiids on the periphery of the tree canopy when E. banksi was present on leaves
(X-squared = 381.96, P <.0001) (Figure 6a). In parallel, an increase in the occupancy of the
adaxial side of the leaves was observed (X-squared = 375.76, P <.0001) (Figure 6b), as well
as an increase in the proportion of leaves occupied by red phytoseiids (X-squared = 750.15,
P <.0001) (Figure 6¢). Finally, we observed a significant rise in the occupation of fruits by
phytoseiids when E. banksi was present on them (X-squared = 122.77, P < .0001) (Figure
6d). When we examined the different levels of study from the point of view of the number
of phytoseiids, we observed that the proportion of these predators outside the tree canopy
increased in the presence of E. banksi (X-squared = 16.79, P <.0001) (Figure 7a). In addition,
the proportion of phytoseiids found on the adaxial side of the leaves (X-squared = 12.48, P <
.001) (Figure 7b), as well as the reddish coloured phytoseiids (X-squared = 74.43, P <.0001)
(Figure 7c) also increased significantly in the presence of E. banksi. Finally, the presence
of E. banksi on fruits significantly increased the proportion of phytoseiids collected on fruit
(X-squared = 35.19, P <.0001) (Figure 7d).

Table 4 Results of the linear models (LMs) on the mean number of phytoseiids per sample unit
outside the canopy, on the adaxial leaf side, red-coloured, and collected on fruits, compared with the
mean number of E. banksi per sample unit.

Coefficients Std Error Pr (>F) Adjusted R2
Biological Control LMs
a. Canopy (Outside)
(Intercept) -1.384 0.068 - -
Mean number of E. banksi 0.198 0.062 0.00249 ** 0.158
b. Leaf (Adaxial side)
Intercept -1.356 0.069 - -
Mean number of E. banksi 0.19 0.064 0.00449 ** 0.147
c. Colour (Red phytoseiids)
Intercept -1.934 0.063 - -
Mean number of E. banksi 0.391 0.057 2.90e-08 *** 0.53
d. Fruit
Intercept -1.384 0.068 - -
Mean number of E. banksi 0.198 0.062 0.00249 ** 0.158

Signif. codes: 0 “***70.001 “***0.01 “**0.05°0.1 1
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a: Canopy spatial distribution ***
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Figure 7 Mean proportion of phytoseiids per leaf outside or inside the canopy (a), on the adaxial or abaxial side of the leaves (b), white or
red coloured (c), and collected on fruits (d), when E. banksi occurred or was absent. Capped bars represent + standard error (SE). Significant

differences are denoted with asterisks. Chi square contingency test: P < 0.001.

Discussion

Whitin-tree distribution analysis

This is the first study that compares the population of E. banksi and phytoseiid mites on fruits
and leaves in citrus groves. The pest showed a clear preference for leaves over fruits. In western
Mediterranean, a single flowering period occurs in citrus during April-May, after which fruit
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development begins (Agusti 2003). When E. banksi start to increase in late summer-early
autumn, the fruits are an available substrate for harbouring mites. Despite this, the density per
unit area (cm?) on leaves was much higher than that on fruits suggesting that leaves are a better
food substrate for its development, since the mites prefer to live more densely on them rather
than move to the fruits. Regarding phytoseiids, it is considered that they live mainly on leaves,
so the population density on leaves is considered representative of the tree canopy (Ferragut
et al. 1988; Muma 1964; Ragusa 1986) and there is little information about the presence and
abundance of these predators on citrus fruits. In our results, the average number of phytoseiids
per fruit in autumn was higher than on leaves; however, if we consider the surface area (cm?),
we can see that both substrates were used equally. We believe that this fact is related to the
presence of E. banksi on the fruit as will be discussed later.

Regarding leaves, our results indicate that E. banksi and phytoseiids are not randomly
distributed in the tree canopy. Microclimatic variations could be playing an important role in
the spatial distribution of phytophagous and predatory mites, since radiation and temperatures
are higher, and relative humidity is lower at the periphery of the canopy (Ferro et al. 1979).
The same preferences for the upper leaf sides at the periphery of the tree canopy have been
described by other authors for E. banksi (Dean 1952; Muma et al. 1953; Dean 1959a, 1959b;
Landeros et al. 2004; Rogers and Stansly 2017), as well as for other important spider mite
pests on citrus such us Eutetranychus orientalis (Klein) (Bodenheimer 1951; Vela et al. 2017)
and Panonychus citri (McGregor) (Ebeling 1959; Garcia-Mari et al. 1983). On the other
hand, phytoseiids shelter on the under side of leaves located inside the canopy, being more
abundant in plantations and citrus varieties with dense imbricate canopies (Ferragut ef al. 1988;
McMurtry et al. 1970), since they are severely affected by high temperatures and low relative
humidity (Ferragut et al. 1987).

When we focus at the periphery of the canopy, we detected the preference of E. banksi for
leaves coming from current year’s shoots as opposed to leaves from the previous year. We
consider that different factors could be playing a role in this preference. (i) Leaves of the current
year are always located in the outermost part of the canopy with more favorable microclimate
conditions for the establishment of the spider mites. (ii) Orchards with high infestations show
the presence of this mite every year with greater or lesser intensity, so previous year’s leaves
are often damaged by mite feeding, and the level of injury influences the mite density reducing
egg laying. In the same way, changes associated with leaf aging may be conditioning mite
preferences. In citrus, leaves remain on trees for 1-2 years during which there are constant
changes in their structure and nutritional composition (Scott et al. 1948). (iii) Finally, newly
developed leaves on the outermost part of the canopy accumulate greater dust deposition. The
Texas citrus mite does not produce a dense web, and the development of non-producing web
spider mites is favoured by the presence of dust or inert debris on the leaf surface (Holloway
et al. 1942). Contrary to E. banksi, phytoseiids prefer the leaves of the previous year instead
of the current year leaves. Phytoseiids spend most of their lifetime inside the canopy; however,
they are moving continuously while foraging for prey or other foods (Sabelis 1985). The
foraging behaviour may depend not only upon prey availability, but also on abiotic factors.
Thus, when they move outside the canopy to forage, they prefer leaves of the previous year,
located at mid-level in the canopy, and less exposed to unfavourable climate conditions.

Seasonal trends of Eutetranychus banksi and phytoseiid mites

Texas citrus mite was detected simultaneously on fruits and fully developed leaves of the
current year’s spring and summer shoots during July-August, and the main population peak was
registered in September-October. Once autumn leaves are available, mites move to occupy this
newly available resource in agreement with the behaviour observed in other spider mite species
(Gotoh 1987), and probably related to changes in hardness, dryness, wax coating, and nutrients
that occur in old leaves, making it difficult for spider mites to feed (van de Vrie ef al. 1972).
The population growth coincided with the highest daily average temperatures between 26-30
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°C in agreement with the life history laboratory works carried out (Childers ef al. 1991; Badii
et al. 2003). After the population peak in autumn, falling temperatures caused a progressive
decline in populations, which are scarce at early-winter and often undetectable at the end of the
season and during spring. In other locations with warmer temperatures, such as Texas, Dean
(1959b) observed E. banksi populations throughout the year, but in years with extremely cold
winter temperatures it was unable to find any mites on the leaves (Dean 1952). In addition to
temperature, relative humidity (RH) and precipitation could affect the development of spider
mite populations (van de Vrie ef al. 1972). In both years, summer months had low relative
humidities that contributed to the rapid growth of the pest. However, the autumn of 2018
was wetter and rainier compared to the drier autumn of 2019. We believe that the high RH
and rainfall during the autumn months of 2018 contributed to the rapid decline in populations
that was more delayed in 2019. Similar unimodal seasonal trends have been described for E.
banksi in California, with typical dry summers under Mediterranean climate conditions. In
contrast, although it is possible to find E. banksi throughout the year, high HR and precipitation
in Florida, or the excessive heat in Texas, produce a decline in summer showing a bimodal
trend with population peaks in late spring-early summer and late autumn-early winter (Dean
1952, 1959b, 1980; Childers 1992; Muma et al. 1953; Rogers and Stansly 2017; Anonymous
2022). In Mexico, the Texas citrus mite could also be collected all year round and showed the
same bimodal dynamics where low winter temperatures as well as spring and autumn rainfall
contributed to reduced mite density (Landeros ef al. 2004). The peak shown by the newcomer
E. banksi in Spain coincides in time with the population outbreaks of E. orientalis (Ledesma et
al. 2011; Vela et al. 2017) and P. citri (Ferragut ef al. 1988). However, in the sampled orchards
of this study, no E. orientalis was found, while small populations of P. citri could be observed
in two orchards during late spring-early summer. We believe that interspecific competition
with E. banksi are geographically displacing the resident spider mite species in most of the
Valencian citrus (Lopez-Olmos and Ferragut 2023).

Euseius stipulatus was the most abundant phytoseiid, representing 90.75% of the total
number of phytoseiids collected, as well as the most frequent, found in 88% of the samplings
carried out. For this reason, although the total number of collected phytoseiids is represented in
our graphs, the remaining discussion will be focused on E. stipulatus. This species presented
two population peaks (spring and autumn), the first and most abundant being in May—June.
Euseius species were classified as primary pollen feeders and generalist predators whose
density can be correlated with the availability of wind-borne pollen settling on the foliage
(McMurtry and Croft 1997; McMurtry et al. 2013), so the spring peak could be related to
the availability of this resource, as well as for the spring mild temperature regime. A strong
population decline occurred during summer, reaching minimum densities in July and August,
when maximum diary temperatures exceed 30 °C and RH drops below 40%, in agreement with
the field observations carried out by Ferragut ef al. (1988) in Valencia region in Spain, Ragusa
(1986) in Italia, Sahraoui ef al. (2014) in Tunisia, with semi-field trials with citrus seedlings
in Israel (Warburg et al. 2019) and with laboratory trials (Ferragut ef al. 1987). In September,
when daily temperatures and RH were favourable, populations recovered leading to an autumn
peak of lower abundance on leaves, as well as a peak on fruits.

Phytoseiid species found on the trees

In addition to E. stipulatus, other phytoseiid species such as 7. phialatus and N. californicus
were relatively abundant, and the remaining species were very scarce in agreement with
previous studies on phytoseiid fauna in Valencian citrus (Abad-Moyano et al. 2009a; Ferragut
et al. 1988; Ledesma ef al. 2011). These species were present throughout the year with
low densities during summer and showed a single population peak in autumn in coincidence
with low population densities of E. stipulatus. Summer collapse was also observed for these
species; however, during winter and spring, temperatures and RH were suitable according to
laboratory studies (Ferragut ef al. 1987; Gotoh et al. 2004; Walzer et al. 2007), and their
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populations were very low. Intraguild interactions may play an important role in this fact, since
E. stipulatus show high populations during these months, and has been defined as a strong
intraguild predator on other phytoseiids on citrus (Abad-Moyano et al. 2010). At the beginning
of autumn phytoseiid species begin to increase in number, competing for space, food, and
shelter. In this competition, the greater capacity of E. stipulatus to act as a highly competitive
and intraguild predator progressively reduces the population of the remaining phytoseiid
species, becoming the predominant species again in winter. The E. stipulatus autumn peak has
been related to the availability of tetranychids as a food source, contributing to reduce their
abundance (Ferragut ef al. 1988; Vela et al. 2017); however, we have seen that with a shortage
of or even in absence of spider mites, this second peak also occurs. Furthermore, populations
were maintained at low values throughout the winter, so during autumn and even in winter
this polyphagous species could feed on other prey sources such as whitefly eggs, mealybug
larvae completing its development (Ferragut et al. 1987), or even aphid or whitefly honeydew,
which supplemented together with different spider mite species reduces developmental time
and increase oviposition (Zhimo and McMurtry 1990). Finally, a recent study has shown how E.
stipulatus, like other Euseius species, is a zoophytophagous predator able to feed on plant fluids
from the citrus leaves, which undoubtedly contributes to the maintenance of overwintering
populations (Cruz-Miralles ef al. 2021). The great ability of this species to use different food
sources in the citrus agrosystem makes it a potent competitor for the resources and space, being
difficult for other phytoseiid species to deal with.

Phytoseiid behaviour in response to pest density

We have found behavioural and colour changes in phytoseiids when E. banksi increases, which
is indicative of the existence of predator-prey relationships. Phytoseiids move to the upper side
of the leaves in the periphery of the canopy, where E. banksi density is higher, to feed on it, and
changing their colour to reddish-brown consequently. Within-plant daily migrations seem to be
a common behaviour in phytoseiids. To avoid adverse climatic conditions during the day, such
as high temperatures, low relative humidity, or high ultraviolet radiation, phytoseiids remain
sheltered and move during the night to forage (Onzo et al. 2003, 2010). Euseius stipulatus
remains shelter from adverse diurnal climate conditions on the underside of the leaves inside the
canopy, with an aggregate distribution pattern. At dusk, when the sun disappears and conditions
are more favourable, it move to the upper side of the leaves on the periphery of the canopy
where the populations of spider mites are abundant, showing a random distribution pattern
typical of a predator searching for prey (Garcia-Mari et al. 1985; Villanueva and Childers
2005). Our surveys were carried out all year-round during sunlight hours, and despite the
adverse weather conditions for phytoseiids we were able to detect a change in their behaviour in
response to the presence and growth of E. banksi. Furthermore, the presence of E. banksi in the
fruit significantly encourages the movement of phytoseiids to this substrate, which they do not
occupy in its absence. Finally, we have statistically demonstrated that the change in the colour
of phytoseiids provides evidence of the use of E. banksi as prey and an indirect estimation of
the biological control. However, we must be careful when relating the color of phytoseiids to
prey consumption, as we do not know in detail how long the coloring remains, and this could
lead to over- or underestimates prey consumption.

There is little information available on field efficacy of phytoseiids on E. banksi in its native
area. In Texas, Euseius finlandicus (Oudemans) and E. mesembrinus (Dean) were abundant
in presence of E. banksi (Dean 1952; Dean 1959b), while in Mexico, it is considered that the
latter predator maintain E. banksi under control most of the year (Landeros ef al. 2004). In
Florida, E. banksi is the prevalent mite pest on citrus, where the rich phytoseiid complex keeps
its populations under control most of the year. Euseius mesembrinus, Iphiseiodes quadripilis
(Banks) and Galendromus helveolus (Chant) are common species in Florida (Villanueva and
Childers 2005) tested successfully in laboratory with E. banksi as a food resource (Abou-Setta
and Childers 1989; Caceres and Childers 1991; Villanueva and Childers 2007). In Spain, E.
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stipulatus is capable to perform a good biological control on P. citri (Ferragut et al. 1988);
however, it is unable to reproduce and even not complete its development preying 7. urticae
on sweet orange and clementine leaves respectively (Abad-Moyano et al. 2009b; Ferragut et
al. 1987). The behavioural and colour changes observed in phytoseiids clearly indicates that
they are playing a role in the biological control of the pest in late summer and early autumn.
Nevertheless, the differences in their ratios were very high, since E. banksi had a density
60-100 times higher than its predator. Moreover, this prey is not a suitable food source for
E. stipulatus, delaying its development, and strongly reducing its survival rate and fecundity
in laboratory studies (Lopez-Olmos and Ferragut, data not published). Eventually, our field
observations confirm that E. stipulatus is not able to perform an efficient biological control on
E. banksi and the impact of predation is too weak to keep populations at tolerable economic
levels for farmers.
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