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Abstract Many studies have emphasized the impor-
tance of interspecific competition in shaping natural
ecosystem communities. In contrast, few investiga-
tions have explored the role of competition in agricul-
tural environments after the arrival of an invasive pest
species. We evaluated the ecological impact produced
by the invasive Texas citrus mite, Eutetranychus
banksi (McGregor), on the resident spider mites Pan-
onychus citri (McGregor) and Eutetranychus orien-
talis (Klein) on the main citrus crop area in Eastern
Spain. Since its arrival in 2013, E. banksi has become
the most common and abundant spider mite on cit-
rus, apparently leading to a reduction in the presence
and geographic range of the other related species.
Competitive relationships were detected between
E. banksi-E. orientalis and E. banksi—P. citri pairs
using co-occurrence analysis. Furthermore, general-
ized linear model analysis showed that the probabil-
ity of finding E. orientalis or P. citri decreases with
increasing E. banksi density and vice versa. Principal
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component analysis and permutational multivariate
analysis of variance found competition between these
two pairs, and also between the E. orientalis—P. citri
pair. Redundancy and variation partitioning analysis
revealed how the geographic distribution of the three
spider mites is not caused by the environmental con-
ditions, but it is strongly influenced by their coloni-
zation history and competitive relationships, since
the areas with the highest density of the three species
are related to their place of first detection, and do not
coincide geographically. Finally, the mechanisms that
may be involved in the competitive displacement and
the possible future scenarios are discussed.

Keywords Invasive pests - Competitive
displacement - Spider mites - Citrus crops - Spain

Introduction

Agricultural ecosystems are usually poor in spe-
cies richness due to the loss of natural biodiversity,
showing simple trophic networks (Duru et al. 2015).
Furthermore, these environments are also subjected
to constant disturbances through agricultural prac-
tices, making them more prone to the establishment
of exotic species (Horvitz et al. 1998). Moreover,
the use of fertilizers, phytohormones and biostimu-
lants increases food production, but at the same time,
enhances the level of available resources in the eco-
system, while a low level of available resources may
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prevent invasions by alien species (Tilman 1997,
1999; Tilman et al. 2002).

Phytophagous mites have a high potential to
become an invasive species, because their small size
make them difficult to detect under routine inspec-
tions (Navia et al. 2010). Among them, spider mites,
belonging to the family Tetranychidae, cause signifi-
cant damage in many crops worldwide, and are the
most economically important phytophagous mites
(Jeppson et al. 1975). In citrus crops these mites
feed on the cells of the epidermis and parenchyma of
leaves and fruits, reducing the photosynthetic capac-
ity of leaves, as well as affecting the coloration of the
fruits, thus producing cosmetic damage that greatly
reduces their commercial value (Vacante 2010). Four
spider mite species currently occur in the Spanish
citrus crop area, the two-spotted spider mite Tetra-
nychus urticae Koch, the citrus red mite Panonychus
citri (McGregor), the Oriental red mite Eutetranychus
orientalis (Klein), and the Texas citrus mite Eutetra-
nychus banksi (McGregor). Only T. urticae is thought
to be native to the Mediterranean basin, while the
others invaded the region in the past, the most recent
being E. banksi which arrived in 2013 to the Valencia
region, the most important Spanish citrus crop area
(Ferragut 2016). The behaviour and spatial distribu-
tion of these species on the leaves is different. While
T. urticae lives on the underside of leaves forming
dense colonies, the remaining species prefer to live at
lower densities on the upperside, resulting much more
likely in competition between Panonychus and both
Eutetranychus, as they share the same habitat and
compete for space, shelter, and food (Ferragut et al.
2013b).

The Asian species P. citri was the first invasive spi-
der mite to infest the Spanish citrus in 1981 (Garcia-
Mari and Del Rivero 1981), spreading rapidly through
the Valencian region and becoming a key pest (Garcia-
Mari et al. 1983). It was not until 2001 when E. banksi
and E. orientalis reached the citrus area in southern
Spain (Garcia et al. 2003). Although in both cases the
pathway is unknown, E. orientalis is a common spe-
cies in many countries in Asia and North Africa, while
E. banksi is native to the Americas, from southern
United States to northern Argentina. Since its arrival
in Spain, E. orientalis spread rapidly westward and
eastward, reaching the Valencian region in a few years,
while the relative E. banksi remained, for about a dec-
ade, in a small geographical area. However, in 2013 E.
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banksi was suddenly detected in citrus orchards in the
Valencian southern region, where it most likely arrived
through the trade of fruit or plant material (Ferragut
2016). The mite spread rapidly in the region, reaching
high populations, producing severe damage to leaves
and fruits, and forcing farmers to apply acaricides to
maintain populations at low levels.

Since the arrival of Texas citrus mite (TCM) to
the Valencian region, farmers and technicians have
realized that the spread of the new species coincided
with a reduction in the frequency and abundance of
P. citri. There is evidence that competition between
closely related spider mite species, sharing the same
habitat, may limit their geographic range (Fujimoto
et al. 1996; Takafuji et al. 1997). Based on field
observations, Childers (1992) reported that competi-
tion took place between TCM and P. citri in Florida
citrus, where TCM has become the dominant species
in the orchards since 1955, displacing P. citri.

Competition is a powerful force that regulates the
species abundance within communities, but despite
their economic importance very few studies have
been carried out on the competition between mite
species (Reitz and Trumble 2002). Our study aims
to evaluate the competitive relationships among the
three citrus pests, P. citri, E. orientalis, and E. banksi
in the Valencian region, assessing the impact of the
recent arrival of TCM in spider mite communities.
For this purpose, we address the following objectives:
(1) study species co-occurrence using three different
approaches: contingency tables, null model, and prob-
abilistic model analysis; (2) define the current spatial
distribution of the three mite species using kernel
density estimation (KDE); (3) determine the competi-
tive relationships among species using generalized
linear models (GLMs), principal component analy-
sis (PCA) and permutational multivariate analysis
of variance (PERMANOVA); and finally (4) analyse
the relative importance of environmental and spatial
factors structuring the community using redundancy
(RDA) and variation partitioning analysis (VPA).

Materials and methods

Sampling sites

A total of 275 unsprayed citrus orchards were sam-
pled once in a year throughout the three provinces
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(Castellon, Valencia and Alicante) of the Valencian
region from September to December, over a 4-year
period (2017-2020). This sampling period was cho-
sen since previous studies have shown that the three
mite species have coinciding population peaks in
these months with little differences between regions
due to climatic differences (Ferragut et al. 1988;
Ledesma et al. 2011; Monz6 et al. 2016). During the
first 2 years, 153 orchards with symptomatic leaves
and 95 orchards without symptoms were sampled. In
the last 2 years TCM moved northwards, entering the
province of Castellén; therefore, during that period
27 additional orchards were sampled in that prov-
ince (Fig. 1 in Supplementary Material 1). We used
a chi-square goodness of fit test (Gardener 2012) to
assess whether the number of samples per province
(sampling effort) was significantly different from
the expected value according to the citrus area per
province.

We collected 20 leaves per orchard that exhibited
signs of spider mite damage to determine whether
each of our three species were present or absent. This
sample size was considered sufficient for detecting
the presence/absence of spider mites based on prior
surveys of tetranychid mites in the same area (Abad-
Moyano et al. 2009). Leaves were placed in plastic
bags and transported to the laboratory inside a port-
able cooling box. In the laboratory, the occurrence of
P. citri and Eutetranychus spp. was confirmed under
a stereomicroscope. Eutetranychus banksi and E. ori-
entalis cannot be differentiated under stereoscopic
microscope, and according to Ferragut et al. (2013b),
females must be processed, and slide mounted to dis-
tinguish them using a compound microscopic. Reli-
able characters to identify females of both species
include the pattern formed by the setae e/ and fI on
the dorsal surface and the number of ventral setae on
the coxa of leg I, and is not necessary to inspect the
males to differentiate the two species with certainty
(Ferragut et al. 2013b). Eutetranychus density on cit-
rus usually varies between 0-10 females/leaf. Thus,
20 females per sample were randomly collected from
the leaves and identified to species level in order to
obtain presence/absence data for both species.

Occurrence analysis

Three types of analysis were used to assess co-occur-
rence patterns in the mite community to check for

competitive interactions. First, we mapped the occur-
rence (i.e., absence/presence) of the three mite spe-
cies (P. citri, E. banksi and E. orientalis) in all 275
orchards, and then we carried out a (1) null model
analysis (Gotelli 2000) by computing two binary
(presence/absence) indices for the observed com-
munity: checkerboards score (C-score) and variance
ratio (V-ratio). C-score quantifies the average amount
of co-occurrence among all unique pairs of species
in the assemblage (Stone and Roberts 1990), and
the V-ratio is calculated as the ratio of the variance
of the column sums to the sum of the row variances.
For a presence-absence matrix, this is the ratio of the
variance in species richness to the sum of the vari-
ance in species occurrence (Schluter 1984). Once the
indices were obtained for the data-matrix, the values
were compared with a distribution of index values
obtained from 9999 randomly generated null assem-
bled communities using a randomised algorithm
with the R-package EcosimR (Gotelli et al. 2015). To
generate the null communities, we used two sequen-
tial-swap algorithms with the best statistical proper-
ties in terms of Type I and II errors: SIM 2 and SIM
10. SIM 2 algorithm randomizes the occurrence of
each species among the sites, assuming the sites are
equiprobable. It corresponds to a simple model of
community assembly in which species colonize sites
independently of one another (Gotelli 2000). SIM 10
algorithm randomizes a binary species-data matrix by
reshuffling all of its elements equiprobably (Gotelli
et al. 2010). Statistical significance of the observed
matrix was calculated as the frequency of simulated
matrices that had indices which were equal to or more
extreme than the observed index, using the frequency
a=0.05 as the significance level in two-tailed tests.
In this way, for the C-Score index competitively-
structured communities should have an index signifi-
cantly larger than expected by chance, located in the
upper tail of the randomly simulated communities
index distribution. On the other hand, guild com-
munities will have an index smaller than expected
by chance and located in the lower tail. However,
competitive communities should have a significantly
smaller V-ratio index, and guild communities a larger
one, than expected by chance. Finally, the standard-
ized effect size (SES) was calculated following the
same methodology as in meta-analysis. This metric
was calculated as: observed index —mean (simu-
lated indices)/standard deviation (simulated indices).
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It scales the results in units of standard deviations,
which allows for meaningful comparisons among dif-
ferent studies (Gotelli and McCabe 2002).

However, species do not occur randomly in nature;
they all respond to environmental variation, and algo-
rithms for randomizing species presence—absence
data have different statistical properties, computa-
tional complexities, and biological realism. Therefore,
we calculated species frequency and overlap using the
R-package eulerr (Larsson 2021), and used two more
methods to assess the co-occurrence patterns. In the
first one, we used (2) contingency tables and a Chi-
square test (Gardener 2012) to assess the competitive
interactions between mite species by testing whether
the observed frequencies were statistically differ-
ent from those expected under the null hypothesis of
independence. The second one was made using the
R-package coocur (Griffith et al. 2016), computing
a (3) probabilistic model of species co-occurrence,
which uses basic probability theory to measure co-
occurrence as the number of sampling sites where
two species co-occur in the community data matrix.
Through this method we employed combinatorics to
determine the probability that the observed frequency
of co-occurrence is significantly large and greater
than expected (positive association, i.e. mutualism),
significantly small and lesser than expected (negative
association, i.e. competition), or not significantly dif-
ferent and approximately equal to expected (random
association). Within any species matrix, there will
be a mixture of competitive, mutualistic, and random
species pairs, and in the above null model analysis, all
of which contribute to the observed index value. In
contrast to this type of analysis, a probabilistic model
analyses the co-occurrence between pairs of species
instead of the entire community, which is strictly ana-
lytical and requires no randomization being a more
parsimonious approach (Veech 2012).

Species distribution and GLM competition models

Geographical position at all 275 orchards was regis-
tered in datum WGS84 and reprojected to Cartesian
coordinates in ETRS89/UTM zone 30N with the
R-packages sp (Pebesma and Bivand 2005; Bivand
et al. 2013) and maptools (Bivand and Lewin-Koh
2021). Using these sampled locations, kernel den-
sity estimation (KDE) based on a Gaussian function
was computed to assess the spatial distribution of
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P. citri, E. orientalis and E. banksi (Baddeley et al.
2015). We estimated the optimal bandwidth using
likelihood cross-validation and a Gaussian function to
assess the probability density of the three species per
square kilometre, in raster grid cells i.e., raster maps
with 3284 x 1890 pixel array and 0.1 square km area
per pixel. Once the raster maps were obtained, we
extracted the density values for each of the sampled
locations by interpolation using the spatstat R-pack-
age (Baddeley et al. 2015), and using the density val-
ues for each mite species, in each sampled orchard,
we obtained the data species matrix for the competi-
tion models and multivariate analysis. We performed
a Mann—Whitney U-fest (Mann and Whitney 1947) to
compare the mean density value of each mite species
with the presence/absence of the remaining species.
Finally, we used binomial (logit-link) generalized lin-
ear models (GLMs) (R Core Team 2019) to assess the
influence of density on the occurrence, analysing the
competitive relationships between the three mite spe-
cies across the 275 citrus orchards sampled.

Environmental and spatial variables

Temperature, relative humidity, and rainfall have been
shown to be important factors affecting the develop-
ment, survival, and reproduction of spider mites,
while wind has been described as the main mode of
long-distance dispersal (van de Vrie et al. 1972). To
examine the influence of these environmental vari-
ables on the distribution and competitive relation-
ships between species, a total of sixteen parameters
related to temperature, relative humidity, wind speed,
and precipitation were considered (Table 1 in Sup-
plementary Material 2). The data were obtained from
262 weather stations from the Valencian Meteorology
Association (AVAMET) scattered around the Valen-
cian region. The span of years for which data were
recorded varies across stations, and, for this reason
a common time series was used (2013-2020). The
stations record environmental data daily, and the
annual average in each station for each variable was
calculated (Fig. 1 in Supplementary Material 2). The
geographical position of the 262 climatic stations in
datum WGS84 was reprojected to Cartesian coordi-
nates in ETRS89/UTM zone 30N as on the species
distribution maps. The location and value for the cli-
matic variables in each station were used to perform a
spatial smoothing by kernel weighting (KSW), using
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the Gaussian function with least-squares cross-val-
idation selected bandwidth. We computed the KSW
to calculate values for output cells in a raster grid, as
in the previous point (Fig. 3 in Supplementary Mate-
rial 2). Finally, values for each sampled location were
extracted from climate raster maps by interpolation
using the spatstat R-package (Baddeley et al. 2015).
In addition to climatic variables, other factors such as
the citrus crop density can provide information about
species competition. We used QGIS to calculate the
centroid in datum WGS84 for each municipality (pol-
ygon) of a polygons layer (QGIS DT 2009) (Fig. 2
in Supplementary Material 2), and they were later
reprojected in the same way as the climatic stations.
The dataset of citrus crop area by municipality was
obtained from CADRECTE (2019), and the value for
each municipality was associated with its centroid.
The centroid geographical locations and its citrus
crop area values were used to perform kernel density
weighted estimation (KDWE), to assess the prob-
ability density of this variable per square kilometre,
using the Gaussian function with the crop area value
to weigh the points, and the Scott’s rule of thumb to
determine the smoothing bandwidth (Baddeley et al.
2015). The KDWE allowed us to obtain a raster map
with the same number of cells and area per pixel as
the climate maps (Fig. 3 in Supplementary Material
2), and then values for each sampled location were
extracted from the raster map according to the same
approach. In this way, it was possible to obtain a data-
set containing the values of 16 climatic variables and
the variable related to the crop area for each of the
sampled citrus orchards, building the environmental
data matrix for the multivariate analysis. In addition,
considering only the localities where the species were
present three more environmental data matrices cor-
responding to each of the mite species were obtained.

We calculated a set of spatial variables as Moran
eigenvector maps (MEMs) from the cartesian coordi-
nates of the 275 sampled orchards with at least one
mite species, as well as three datasets, one for each
mite species, considering only the localities where
each was present (Dray et al. 2006, 2012). For this
purpose, four connection networks were built follow-
ing distance based spatial weighting matrix (SWM)
using the minimum connection distance as a thresh-
old to define the connected site pairs (Borcard et al.
2011), and the best choice for the weighting functions
was done according to the adjusted p-value (Bauman

et al. 2018). These analyses were performed with the
R-package adespatial (Dray et al. 2021).

Multivariate analysis

To determine the relationship between the three mite
species in all 275 sampled locations, the species den-
sity data matrix was transformed with the Wiscon-
sin double standardization. This procedure was con-
ducted to normalize sites to the percentage abundance
of species, first standardizing species by their maxi-
mum value (column maximum), and then sites by
their total value (row total) (Legendre and Gallagher
2001). After that, each locality was assigned to a mite
species according to its presence. When more than
one species was present in the same locality it was
assigned to the species with the highest density value,
building 3 groups of localities: E. banksi, E. orientalis
and Panonychus. Sampled locations with no presence
of any of the three mite species were not considered.
To test if the grouping was statistically significant, we
used non-parametric permutational multivariate anal-
ysis of variance (PERMANOVA) (Anderson 2001),
considering Chi-square dissimilarity as a measure
of distance. The statistical significance was assessed
via comparison with 9999 randomized datasets. In
addition, analysis of multivariate homogeneity of
group dispersions (PERMDISP2) (Anderson 2006)
was done to test differential multivariate dispersion
(variance) between groups that can affect the results
of PERMANOVA. Finally, pairwise PERMANOVA
with Bonferroni p-value correction was also carried
out to analyse the differences between groups two by
two (Martinez-Arbizu 2017). Later, species distribu-
tion was analysed with principal component analysis
(PCA) showing the significant grouping obtained by
the PERMANOVA analysis.

The relative role of the environment and space on
the density distribution of the mite species was deter-
mined with redundancy analysis (RDA) and varia-
tion partitioning analysis (VPA) (Borcard et al. 1992;
Peres-Neto et al. 2006), corrected by Moran spectral
randomisation (Wagner and Dray 2015). RDA allows
us to determine the percentage of variance in a com-
munity of species across a set of sites that is due to
the variance of a group of variables across those sites.
To consider two or more groups of variables, e.g.,
spatial and environmental variables, the VPA allows
us to define what percentage of the variance in the
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community is due to each of the groups (Borcard
et al. 1992). This procedure was applied across the
275 sampled locations with at least one mite species
for the whole community, and for each mite species
only with locations where the species was present.
Multicollinearity among environmental predictors
was controlled by the variance inflation factor (VIFs)
using VIF <10 as a preselected threshold (Zuur et al.
2010). Furthermore, we used a forward selection (FS)
procedure with two stopping criteria to select envi-
ronmental and spatial variables in each case (Blan-
chet et al. 2008) (1) the variance explained by each
variable selected had to be significant (p <0.05), and
(2) the procedure stops when the adjusted R? accu-
mulated by the variables selected exceeds adjusted R>
of all the explanatory variables considered. We per-
formed PCA, RDA, PERMANOVA, PERMDISP2
and VIF with the vegan R-package (Oksanen et al.
2020).The R-package adespatial (Dray et al. 2021)
was used to perform FS, VPA and Moran spectral
randomisation correction.

Results
Sampling effort

Considering the data for 2017 and 2018, the prov-
ince with the highest sampling effort was Valen-
cia with 160 (64.52%) orchards sampled, followed
by Castellon with 47 (18.95%), and Alicante with
41 (16.53%). There were no significant differences
between the number of samples per province and the
expected value according to the citrus area per prov-
ince in Valencia (58.23%), Castellén (21.46%) and
Alicante (20.32%) (X2=4.15, df=2, p value=0.12).
During 2019 and 2020 the sampling effort was
increased only in the province of Castellén with 27
orchards, with the aim of updating the geographical
distribution of the three mite species (Fig. 1 in Sup-
plementary Material 1).

Occurrence analysis

We detected at least one species in 87.6% (n=241)
of the sampled orchards (n=275). Most occupied
orchards harboured only one species (70.95%),
whereas all three species were detected in only
6.22% of occupied orchards (Fig. 1a). Of the three
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species, we detected TCM in the largest proportion of
orchards (67.22% of occupied orchards), followed by
P. citri (39.83%), and E. orientalis (28.21%) (Fig. 1b).
Overall, we found that TCM showed the least overlap
in orchard occupancy (38.27%), meanwhile E. orien-
talis and P.citri showed 55.88% and 57.29% respec-
tively (Fig. 1c).

Patterns of co-occurrence in the mite community
were analysed using three different approaches. First,
for the null model analysis, C-Score index results
under the sim2 and sim10 algorithms showed a non-
random pattern of species association. Using both
algorithms, the C-score observed value (4645.3; p
value <0.05) was significantly higher than the simu-
lated index expected by chance, indicating a nega-
tive covariance between mite species, and providing
evidence of a competitively structured community.
Secondly, the V-ratio index for the two algorithms
also showed a non-random pattern of species asso-
ciation. V-ratio observed values (0.7; p value <0.05)
were significantly smaller than those expected by
chance, showing negative covariance between species
pairs, being evidence again of a competitively struc-
tured community. Finally, for the two algorithms, the
C-Score SES was larger than 2 and smaller than—2
for the V-ratio, providing evidence of non-random
community patterns (Table 1). Contingency table
analysis indicated that TCM was detected in 162
(59%) of the 275 orchards sampled and was absent
in 113 (41%). There was competition between E.
banksi and E. orientalis, since E. orientalis was only
present in 30 (19%) of the orchards where TCM
occurred, while it was absent in the remaining 132
plots (81%). In the orchards where TCM was absent,
E. orientalis increased its presence (38; 34%) and
decreased its absence (75; 66%) (X2=7.37, df=1,p
value=0.0066) (Fig. 2a). Furthermore, a competitive
relationship between E. banksi and P. citri was also
detected (Fig. 2b). In the same way as in the previous
case, the presence of P. citri increased in the orchards
where TCM was absent (49; 43%) and decreased with
its presence (47; 29%). In parallel, its absence also
gained strength with the presence (115; 71%) of TCM
and declined with the absence (64; 57%) (X2=5.42,
df=1, p value=0.019). On the other hand, no statis-
tically significant evidence of a competitive interac-
tion between E. orientalis and P. citri could be found
(Fig. 2¢) (x2=0.0048, df=1, p value=0.9443).
Probabilistic model of species co-occurrence also
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Fig. 1 Patterns of species occurrence across the sampled
orchards. Species occur more frequently singly than together
with other species. a Proportion of occupied orchards by
occurrence (i.e., number of species detected). b Proportion of

allowed us to analyse the co-occurrence between
pairs of species in the mite community. Eutetranychus
banksi and E. orientalis significantly coexisted (30) in
fewer orchards than expected by chance (40.1) show-
ing a strong competitive relationship (p-1t=0.0034).
In the same way, TCM had a negative relation-
ship with P. citri as both also appear significantly
together in fewer orchards (47) than expected (56.6)
(p-1t=0.0101). However, between P. citri and E. ori-
entalis it was not possible to detect either a negative
(p-1t=0.4751) or a positive (p-gt=0.6391) relation-
ship. The effect size of the competition for E. banksi
with E. orientalis and P. citri was similar (Table 2).

Species distribution and GLM competition models

The current geographic distribution of the three mite
species is shown in Fig. 3. TCM showed the highest

Overlap= 38.27%

Overlap=57.29%

* P.CITRI
17 % (41)

13 % (32)

Overlap= 55.88%

occupied orchards by species: E. banksi, E. orientalis, and P.
citri. ¢ Area-proportional Euler diagram illustrating the num-
ber of orchards occupied by each species, and by multiple spe-
cies (indicated in areas of overlap)

mean density values with 0.0068 occurrences/km?
distributed in three high-density areas with about
0.05 occurrences/km?. The most important of these
areas is located in the south of the Valencia prov-
ince. Furthermore, two other smaller areas can
also be observed, the first between the provinces of
Valencia and Castellon, and the second one between
the provinces of Valencia and Alicante (Fig. 3 left).
Panonychus citri presented 0.0041 occurrences/km?
of mean density with two high-density areas with
around 0.05 occurrences/km?. The most important
of them coincides with the northern nucleus of TCM
between the provinces of Castellén and Valencia, and
the second smaller one is in the north of the prov-
ince of Castelléon (Fig. 3 middle). Finally, E. orien-
talis with 0.0028 occurrences/km? showed the lowest
mean density value in two low density areas (0.026
occurrences/km?). The first one located in the north
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Interpretation

ized effect

p value Standard-
size

observed

Simu-

Lower 95% Upper 95% Simu- Simu-
lated > observed lated <observed lated

index

Algorithm n°Rep Obs index Mean of sim

Table 1 Results for the Null model co-occurrence analysis. The analysis was based on the C-Score and V-ratio index for sim 2 and sim 10 algorithms

Index
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Competition

3.59
3.21
-3.22
-6.37

<0.05
<0.05

9999

0
0

4170.4

3048.0

3602.2

4645.3

9999
9999

C-score sim2

Competition

9999

3396.0
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Index value for the observed data matrix; (Mean of Sim

number of random matrices obtained; (Obs index)

Algorithm used; (n° Rep)=

=Index used; (Algorithm)
Mean simulated index from 9999 simulated matrices; (Lower 95%)
are found; (Upper 95%)

(Index)
index)

Value of the index below which the lowest 5% of the values in the set of simulated data matrices

Number of simulated

Number of simulated matrices with an index value lower than the observed matrix

Value of the index above which 5% of the largest values of the set of simulated data matrices are found; (Simulated > Observed)

matrices with an index value greater than the observed matrix value; (Simulated < Observed)

value; (Simulated

Indicates the intensity of the

Number of simulated matrices with the same index value as the observed matrix value. (Standardized effect size)

Observed)

relationship. Note: Lower 95% and Upper 95% intervals are not based on a normal or other parametric distribution. Instead, they are always estimated directly from the set of
index values obtained from the simulated random matrices, so they can be considered cut-off points above (Upper 95%) or below (Lower 95%) of which 5% of the least frequent

values under the null hypothesis are found and constitute a proper 95% confidence interval for the null distribution

of the province of Valencia, matching with P.citri and
E. banksi areas, and the other one in the south of the
Alicante province (Fig. 3 right) (Fig. 1 in Supplemen-
tary Material 1).

The mean TCM density in orchards without E. ori-
entalis (0.028+9.59¢e —04) was significantly higher
than in orchards with E. orientalis (0.016 +1.55e — 03)
(W=10,470, p value=1.631e—09) (Fig. 4a, left).
To a lesser extent, P. citri also showed the high-
est TCM density values in orchards with its absence
(0.026 + 1.08e — 03), while orchards with its presence
showed low values (0.022+1.45¢e—-03) (W=10,113,
p value=0.01558) (Fig. 4a, right). The mean den-
sity values of E. orientalis was significantly higher in
orchards not infested with TCM (0.010 +£6.95¢ —04)
and lower in infested ones (0.006=+5.56e—04)
(W=11,845, p value=3.355¢—05) (Fig. 4b, left).
There was no significant difference for the E. orien-
talis density values between orchards with or without
P. citri (W=28040, p value=0.3804) (Fig. 4b, right).
Finally, P. citri mean density value was significantly
lower in the presence (0.016+1.01e—03) of TCM
than in its absence (0.022 +1.43e—03) (W=11,262,
p value=0.001159) (Fig. 4c, left), and it was not sig-
nificantly affected by the presence of E. orientalis
(W=7294, p value=0.6534) (Fig. 4c, right). A sum-
mary for the GLM analysis is provided in Table 3. The
first model for TCM shows a significant steep decline
in the presence of E. orientalis with increasing E.
banksi density (Fig. 4g) (Table 3a). To a lesser extent,
the presence of P. citri was also negatively affected by
the density of E. banksi (Fig. 4d) (Table 3b). Com-
plementarily, in E. orientalis and P. citri models, the
probability of finding TCM was strongly affected by
the density of E. orientalis (Fig. 4e), and in a smaller
proportion by P. citri (Fig. 4f) (Table 3c). There was
no statistically significant evidence about the influ-
ence of E. orientalis density on the presence of P.
citri and vice versa.

Multivariate analysis

PCA shows a clear difference between the orchards
colonised by each of the mite species. The first axis
explains 65.72% of the total variance, while the sec-
ond axis explains 34.28% (Fig. 5). PERMANOVA
test provided statistical support for the visual inter-
pretation of the ordination results, and evidence
that samples within groups are more similar than
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a: E. orientalis vs E. banksi **

Presence 0.81 0.19
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% OE. orientalis presence
'Q_ OE. orientalis absence
w
Absence 0.66 0.34
1.00 0.75 0.50 0.25 0.00 0.25 0.50
b: P. citri vs E. banksi *
Presence 0.71 0.29
£
S TP. citri presence
'Q. OP. citri absence
w
Absence 0.57 0.43
1.00 0.75 0.50 0.25 0.00 0.25 0.50
c: P. citri vs E. orientalis
Presence 0.66 0.34
2
=
3
E OP. citri presence
S OP. citri absence
w
Absence 0.65 0.35
1.00 0.75 0.50 0.25 0.00 0.25 0.50

Proportion of Orchards

Fig. 2 Proportion of orchards with occurrence of each species
(framed), when another one occurs (grey legend) or is absent
(white legend). a E. orientalis versus E. banksi, b P. citri ver-

samples from different groups. Differences were
highly significant, due only in a small proportion to
multivariate dispersion (Table 4a, b). Furthermore,
PERMANOVA models including only pairs of mite

sus E. banksi, ¢ P. citri versus E. orientalis. For each pair, sig-
nificant differences are denoted with asterisks. Chi square con-
tingency test: *P <0.05; **P < (.01

species also indicated that there were highly signifi-
cant differences between groups (Table 4c).

Across all the sampled locations with at least 1
mite species (241), the initial 17 environmental var-
iables were reduced to 12 using VIF< 10, and FS
for environmental RDA did not exclude any variable
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Table 2 Results for the probabilistic model of co-occurrence analysis

Obs-cooccur Exp-cooccur p-lt p-gt Effect size Interpretation
E. banksi versus E. orientalis 30 40.1 0.0034%* 0.9985 —0.036 Competition
E. banksi versus P. citri 47 56.6 0.0101* 0.9950 —0.034 Competition
E. orientalis versus P. citri 23 23.7 0.4751 0.6391 —0.002 Random

Signif. Codes: *p <0.05, **p<0.01

(Obs-cooccur)=Observed number of orchards in which the species overlap; (Exp-cooccur) =Expected number of orchards in which
the species should coincide under random distribution; (p-If) =Probability that two mite species would co-occur less frequent than
the observed number of co-occurrences. It can be interpreted as p value indicating significance level for negative co-occurrence
patterns with significance threshold at p <0.05; (p-gt) =Probability that two mite species would co-occur more frequent than the
observed number of co-occurrences. It can be interpreted as p value indicating significance level for positive co-occurrence patterns
with significance threshold at p <0.05. (Effect size) =Indicates the intensity of the relationship, negative (x <0), positive (x>0) or
random (x=0)

E. banksi P. citri E. orientalis §

Kernel density
(Km?)
0.05
0.04
0.03
0.02
0.01

0.00

120 Km

Fig. 3 Kernel density distribution of the three mite species in maps with 3284 x 1890 pixel array and 0.1 km? area per pixel.
the Valencian region (Spain). Kernel density estimation (KDE) The yellow areas represent high mite densities while dark vio-
was computed with the optimal bandwidth using likelihood let colour indicates low mite densities. The white dots indicate
cross-validation, and a Gaussian function to assess the proba- the citrus orchards sampled with the occurrence of each spe-
bility density of the three species per square kilometre in raster cies. Maps were performed using the R-package spatstat
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Fig. 4 Bar plots (a—c) showing the mean kernel density
(KDE) with the standard errors (capped bars), grouped by
presence or absence between species. Bars with different let-
ters are significantly different according to Mann—Whitney
U-test. Representation of the binomial (logit-link) generalized

(Table 1 in Supplementary Material 3). However,
this procedure selected 38 broad-scale MEMs with
positive eigenvalues out of the initial 241 (Table 2
in Supplementary Material 3) (Figs. 1, 2, 3 in Sup-
plementary Material 4). For TCM sites (162),
environmental variables were reduced to 11 using
VIF < 10, and FS chose only 9 of them (Table 3 in
Supplementary Material 3). On the other hand, FS
selected 38 broad-scale MEMs with positive eigen-
values out of the initial 162 (Table 4 in Supplemen-
tary Material 3) (Figs. 4, 5, 6 in Supplementary

linear models (GLMs) (d—g) on the probability of mite pres-
ence depending on KDE of the potential competitor. In the
graphs, the prediction line is indicated in blue, and the 95%
confidence band in grey. GLMs with statistically non-signifi-
cant relationships have not been represented

Material 4). Eutetranychus orientalis showed 10
environmental variables using VIF< 10, and FS
chose 7 of them (Table 5 in Supplementary Material
3). Moreover, only 7 MEMs with positive eigen-
values out of the initial 68 were included by the FS
(Table 6 in Supplementary Material 3) (Figs. 7, 8,
9 in Supplementary Material 4). Panonychus citri
showed 11 environmental variables after VIF <10
reduction, and FS chose 9 of them (Table 7 in Sup-
plementary Material 3). This procedure chose 22
MEMs with positive eigenvalues out of the initial
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Table 3 Results of the binomial (logit-link) generalized linear models (GLMs) on the probability of presence depending on the den-

sity Kernel (KDE) for the three mite species

Coefficients  Std error  Resid. dev  Pr (> Chi) Pseudo R®>  AIC
A. Eutetranychus orientalis GLMs
E. orientalis occurrence versus E. banksi density
(Intercept) 0.26 0.26 307.63 - - -
Kernel E. banksi —-63.01 11.16 270.33 1.01e—09***  0.1212 274.33
E. orientalis occurrence versus P. citri density
Intercept —1.01 0.23 307.63 - - -
Kernel P. citri -5.30 9.88 307.34 0.5911 0.0009 311.34
B. Panonychus citri GLMs
P. citri occurrence versus E. banksi density
(Intercept) —-0.11 0.25 355.79 - - -
Kernel E. banksi -20.87 8.84 350.12 0.0173* 0.0159 354.12
P. citri occurrence versus E. orientalis density
(Intercept) —-0.75 0.19 355.79 - - -
Kernel E. orientalis 15.43 16.87 354.95 0.3607 0.0024 358.95
C. Eutetranychus banksi GLMs
E. banksi occurrence versus P. citri density
(Intercept) 0.92 0.22 372.45 - - -
Kernel P. citri -29.14 8.91 361.38 8.73e—04***  0.0297 365.38
E. banksi occurrence versus E. orientalis density
(Intercept) 1.01 0.20 372.45 - - -
Kernel E. orientalis -76.41 17.31 351.76 5.39e-06%** 0.0556 355.76

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

GLM Coefficients, standard error (Std error), residual deviance (Resid. Dev), significance (Pr(> Chi)), pseudo R?, and AIC value

96 (Table 8 in Supplementary Material 3) (Figs. 10,
11, 12 in Supplementary Material 4).

The RDA constrained by the selected environmen-
tal variables across all the sampled locations (Fig. 1
in Supplementary Material 5) indicated that TCM is
associated with high temperatures as well as not being
negatively affected by rainfall or high relative humid-
ity. On the other hand, P. citri is found in low tem-
peratures, high relative humidity, and areas with high
wind speed, and E. orientalis is found in areas with
high temperatures, slow wind velocity and low relative
humidity. TCM was present in areas with the highest
density of citrus crops. A summary of the environmen-
tal variables for the sites where each mite species was
found is shown in Table 2 in Supplementary Material
2. The results for the RDAs constrained by the selected
environmental and spatial variables, and VPA are sum-
marised in Table 5. Selected environmental variables
explain 75.4% of the total observed variance across all
sampled locations. However, despite this, most of the

@ Springer

variance explained by the environment is shared with
space (74.9%). If we look at the variance explained
purely by the environment (0.5%), it is much smaller
than the variance explained purely by space (22.2%).
The shared variance is also high for E. banksi, E. ori-
entalis and P. citri sites. Furthermore, the spatial frac-
tion was also more important than the environmental
fraction in all three scenarios. However, E. orientalis
with 64.6% showed the highest purely spatial frac-
tion followed by E. banksi (46.3%) and finally P. citri
(23.8%). On the other hand, P. citri with 1% had the
best purely environmental fraction followed by E.
banksi (0.9%) and E. orientalis (0.1%) (Table 5).

Discussion
Agricultural ecosystems have become excellent labora-

tories for the study of invasion ecology. The increased
international mobility of people and goods during the
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Fig. 5 Principal component analysis (PCA) showing all the
sampled orchards grouped according to the mite occurrence
and Kernel density kernel density estimation (KDE) values.
Graph was performed using the R-package vegan

recent decades has caused the accidental introduction
of invasive pests in agriculture to rise, leading to eco-
nomic losses for farmers and food producers (Pimen-
tel et al. 2000). Furthermore, the ecological impact
produced by the invaders may change the resident
community, altering the delicate web of relationships

Table 4 (A) Permutational multivariate analysis of variance
(PERMANOVA) and (B) multivariate dispersion analysis
(BETADISPER) of Kernel density (KDE) data, in relation to

among species (Parker et al. 1999). Phytophagous
mites have high potential as an invasive species
because their small size (from 0.2 to 0.5 mm length),
short generation time, high reproductive potential,
and their ability to spread by the wind. Despite this,
the study of the ecological consequences after inva-
sion and the competitive relationships between spider
mite species, the most damaging group to cultivated
plants, has only been carried out on a few cases (Reitz
and Trumble 2002). Recently, Ferragut et al. (2013a)
studied the mite species composition on cultivated and
non-cultivated plants in vegetable agrosystems before
and after the invasion by the tomato spider mite Tetra-
nychus evansi Baker and Pritchard, demonstrating that
the invasive mite had reduced the presence and abun-
dance of other Tetranychus species. However, a differ-
ent approach was applied in that study and no spatial
analysis was carried out to assess interspecific compe-
tition. The present work is the first study to conduct a
spatial analysis to examine interspecific competition
among spider mite species.

Occurrence analysis

We have studied the impact of TCM after its arrival.
Our results have confirmed the rapid spread of this
species since 2013, becoming the most frequent and
abundant spider mite on citrus and leading to a signifi-
cant reduction in the presence of their relatives P. citri
and E. orientalis. These conclusions are supported

the different groups of orchards grouped by the mite occur-
rence and KDE values and (C) PERMANOVA pairwise com-
paration between groups of orchards

df SS MS Pseudo F R? N. perm p value
A. PERMANOVA
Groups 2 62.65 31.32 96.60 0.45 9999 le—(04#*
Residuals 238 77.18 0.32 0.55
Total 240 139.82 1.00
B. BETADISPERS
Groups 2 0.34 0.17 2.66 9999 0.07
Residuals 238 15.45 0.06
C. Pairwise PERMANOVA
P. citri versus E. banksi 1 27.32 27.32 81.22 0.28 9999 3e—04%*%*
P. citri versus E. orientalis 1 15.55 15.55 53.86 0.36 9999 3e—04%*%*
E. banksi versus E. orientalis 1 37.81 37.81 109.38 0.39 9999 3e—04%*

Signif. codes: 0 “*#* 0.001 “***0.01 “** 0.05 “” 0.1 ©’ 1
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Table 5 Results from redundance analysis (RDAs) and variation partitioning analysis (VPA) corrected by Moran spectral randomi-

sation

All sampled sites E. banksi sites E. orientalis sites P. citri sites

Adjusted R>  p value Adjusted R>  p value Adjusted R p value Adjusted R>  p value
a. Partition table
E [a+D] 0.754 0.001%** 0.509 0.001#** 0.292 0.001%** 0.721 0.001%#*
S [b+c] 0.970 0.001#* 0.962 0.001#** 0.936 0.001%* 0.949 0.001%#*
E+S [a+b+c] 0.975 0.001#* 0.971 0.001#** 0.937 0.001%* 0.958 0.001%#*
b. Individual fractions
Pure E [a] 0.005 0.001%* 0.009 0.001#** 0.001 0.001#* 0.010 0.001%#*
Pure S [c] 0.222 0.001%#* 0.463 0.001#* 0.646 0.001%* 0.238 0.001%#*
Shared [b] 0.749 - 0.500 - 0.291 - 0.711 -
Residuals [d] 0.025 - 0.029 - 0.063 - 0.042 -

Signif. codes: 0 “**** 0.001 “** 0.01 *** 0.05 <" 0.1 1

Adjusted R> = Amount of variance explained by the explanatory variables; p value = Statistical significance from an ANOVA like per-
mutation test; £ =Environmental explanatory variables; S= Spatial explanatory variables (MEMs); Shared = Variance fraction shared

by environment and space; Residuals: Residual variance (no explained)

by the patterns of co-occurrence, which provide evi-
dence for a community structured by competition.
The highest percentage of sampled orchards were
occupied with only one species, while those occupied
by all three species were extremely rare. Likewise, the
probabilistic model and Chi-square contingency test
detected competitive relationships between the pairs
E. banksi-E. orientalis and E. banksi—P. citri, while
there was no statistical evidence about the existence
of competition between E. orientalis and P. citri.

Species distribution and GLM competition models

The current geographic distribution of the three spi-
der mites do not coincide geographically, and GLM
analysis shows how the probability of finding E.
orientalis or P. citri decreases with increasing TCM
density and vice versa, evidence of current competi-
tive relationships. Unfortunately, there is no infor-
mation about the geographic distribution of E. ori-
entalis prior to the invasion of TCM. On the other
hand, P. citri spread rapidly to the north and south
of the entire Valencian territory soon after the first
detection in April 1981, causing higher incidence
in the Valencia province (Garcia-Mari et al. 1983).
A survey carried out by Abad-Moyano et al. (2009)
in citrus crops, before the arrival of TCM, clearly
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showed P. citri widely distributed throughout the
citrus-growing area of the provinces of Castellon
and Valencia. According to our results, the arrival
of TCM to the province of Valencia has decreased
the presence of P. citri, which now has its core dis-
tribution further north, in the south of the province
of Castellon.

Multivariate analysis

PCA and PERMANOVA indicated that there were
segregated geographical distribution patterns between
all pairs of mite species. Segregated patterns can be
explained by competitive relationships between spe-
cies. Nevertheless, they also may be caused by abiotic
factors such as environmental heterogeneity across
a set of sites (Kraft et al. 2015), acting as filters that
hinder the establishment of the species (Pearson et al.
2018). Despite the economic importance of spider
mites, there are no studies on the influence of envi-
ronmental factors on the structure of their communi-
ties, and climatic factors such as temperature, relative
humidity (RH), and precipitation have been consid-
ered the most influential in the development of their
populations (van de Vrie et al. 1972; Vacante 2010).
Furthermore, wind velocity or crop density may
also be underlying non-random distribution patterns,
since spider mites are considered passive dispersers,
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and wind dispersal has been proposed as one means
of long-distance dissemination, especially when spi-
der mite colonies are overcrowded, or the host plant
is no longer suitable (Boyle 1956; van de Vrie et al.
1972). VPA allows partitioning of the variance of
species abundance community data into variance that
can be explained by environmental factors or by spa-
tial variables. In practice, in a VPA the spatial com-
ponent represents the community variance that cannot
be explained by the environmental factors considered.
In our study we have selected two sets of variables, a
first set of environmental variables related to the tem-
perature, relative humidity, precipitation, wind speed
and crop density; and a second set of spatial variables
that tries to integrate the spatial variance of the set of
sites. RDA constrained by the environmental varia-
bles across all the sampled sites suggests that the spi-
der mite communities were significantly affected by
these environmental factors, explaining 75.4% of the
community variance. However, when we separate the
variance due to the environment, as well as the shared
variance using VPA, the purely environmental contri-
bution to the variance of mite communities (0.5%) is
much lower than the spatial one (22.2%) (non-envi-
ronmental). Furthermore, we found a large proportion
of the explained variance shared by the environmental
and spatial variables (74.9%). This situation is com-
mon, since environmental factors often vary through
space, especially on a broad scale. In this scenario,
we should be careful when assigning cause-effect
relationships between species and space or with envi-
ronmental conditions (Borcard et al. 1992). Further-
more, purely spatial fraction also could be explained
by unmeasured environmental variables (Borcard and
Legendre 1994). Despite these two observations, our
findings indicate the existence of spatial patterns of
geographical distribution of these species which do
not seem to be governed mainly by the environmental
variables selected. These results agree with Ferragut
et al. (2013b) who point out that the climatic condi-
tions under which citrus crops are grown throughout
the Valencian region are suitable for the establish-
ment of E. banksi, E. orientalis and P. citri popula-
tions all year-round.

In addition to the environmental conditions, his-
torical factors and interspecific competition can act
to spatially structure the community in VPA (Borcard
and Legendre 1994). In our work we have demon-
strated the existence of competition among the three

spider mite species using different approaches, and
most of the classical publications point to competitive
interactions as the main important factor in species
segregation (Diamond 1975; Connor and Simberloff
1979) determining the community assembly (Kunstler
et al. 2012). Furthermore, processes such as coloniza-
tion/extinction history may also be underlying non-
random distribution patterns (Gilpin and Diamond
1982). The current geographical distribution for the
three mite species is not coincidental and evidences
their competitive relationships. Moreover, the density
cores of the recently introduced TCM and E. orienta-
lis are related to the place of their first detection, the
south of the province of Valencia, and the south of
the province of Alicante, respectively. For all these
reasons, we believe that competitive interactions, and
the colonization history, are the most important fac-
tors conditioning the spider mite community struc-
ture across all the sampled sites, contributing to the
spatial component in the VPA. In our VPA study for
each species, we found that (as in the analysis for all
the sampled localities), the pure spatial component
is much greater than the pure environmental compo-
nent. If we focus on the analysis of the purely envi-
ronmental fraction, P. citri followed by TCM have
the highest values, while E. orientalis has a very low
value. However, if we pay attention to the purely spa-
tial component, E. orientalis has the highest value,
followed by E. banksi and finally P. citri. We believe
that these results, can be explained by historical colo-
nisation factors and competitive interactions between
species. According to the historical colonisation, P.
citri has been present in the region for about 40 years;
therefore, there is currently no spatial evidence of its
colonisation process (historical factors) in its spatial
distribution, and its pure environmental component is
large, reflecting its adaptive process. Despite this, its
current competition with TCM is reflected in its pure
spatial component. Eutetranychus banksi, although
recently introduced, has spread rapidly throughout the
citrus area displacing the other two mite species and,
accordingly, its spatial distribution is less affected
by competition and historical colonisation processes
(spatial component) compared to E. orientalis. How-
ever, its rapid adaptation process is reflected in its
broad environmental component. Finally, E. orienta-
lis has a very small pure environmental component,
as it has a very large pure spatial component due to
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intense competition with TCM and the historical col-
onisation processes.

Competitive mechanisms

In our opinion, there are different non-exclusive
hypotheses that can explain the impact of TCM on
the whole community. One of the best-known hypoth-
eses to explain the spread of invasive species is the
Enemy Release Hypothesis. Following this approach,
invasive species are less impacted by natural ene-
mies (e.g., predators, parasites, and pathogens) than
native species, because, in the new geographic loca-
tion, invasive species lack the enemies that keep their
growth under control in their native environment (Jef-
fries and Lawton 1984). There is little information
available on field efficacy of predators on TCM in its
native geographical area. The predatory mites of the
family Phytoseiidae are the most important biological
control agents used against spider mites, and essential
elements in the pest management programs (McMur-
try 1982). In Florida, the phytoseiids Euseius mesem-
brinus (Dean) (Abou-Setta and Childers 1989), Iphi-
seiodes quadripilis (Banks) (Villanueva and Childers
2007) and Galendromus helveolus (Chant) (Caceres
and Childers 1991) are common species on citrus
and were tested in the laboratory with TCM as a food
source, being a suitable prey. Furthermore, Landeros
et al. (2004) observed a synchronization of the popu-
lation peaks of TCM with their predator E. mesem-
brinus, as well as a correlation in the abundance of
both species on Mexican citrus crops. Nevertheless,
these natural enemies were not introduced with TCM
in the Spanish invaded areas. Euseius stipulatus
(Athias-Henriot) is the predominant native phytoseiid
on citrus in Spain and is a useful biocontrol agent
of P. citri (Ferragut et al. 1987, 1988). According to
McMurtry (1985), predators that attack P. citri may
also be effective against Eutetranychus spp. because
those spider mites have a similar colonization pat-
tern on the leaves and produce small amounts of
webbing. This predator was studied under laboratory
conditions to test its predatory potential on E. banksi.
The predator was able to complete its life cycle when
feeding on TCM, but mortality was high, the repro-
ductive parameters very low and almost no eggs were
produced, indicating that this prey is not a suitable
food source (data not published). According to the
results obtained in laboratory tests, we believe that
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E. stipulatus, in the presence of P. citri and E. banksi
as a food source, will prefer the former. Therefore, E.
stipulatus, by selecting P. citri over E. banksi, would
be contributing to tip the balance in favour of TCM in
the interspecific competition between both phytopha-
gous mites. Despite the spread of TCM, E. stipulatus
populations do not seem to become reduced, since
this phytoseiid is highly generalist and can complete
its development feeding on other mite species, small
insects, and even pollen or fungal spores (Ferragut
et al. 1987; McMurtry and Croft 1997).

In addition to the ability of TCM to escape the
attack by native predators, the biology of this spe-
cies can turn it into a superior competitor of P. citri at
high temperatures. The developmental time of TCM
at 25 °C is 13.1 days (Childers et al. 1991), while at
the same temperature P. citri has a shorter develop-
ment time of 10.9 days (Tanaka and Inoue 1970).
On the contrary, at higher temperatures the develop-
ment time of TCM is considerably reduced, being of
11.6 days at 28 °C and 61% RH. Greater differences
are reflected in the fecundity values. The highest
fecundity for TCM was reported at 28 °C with 37.08
eggs/female, with 8.84 being the maximum fecundity
rate (eggs/female/day) at 30 °C. This behaviour is
the opposite of that of P. citri, which produces 40.4
eggs/female and 6 eggs/female/day at 24 °C (Yasuda
1982). The temperature range of 28-30 °C seems to
be optimal for TCM, while the range of 24-25 °C is
optimal for P. citri. In the Valencian region in late
spring-early summer, with average daily temperatures
between 24-26 °C, low populations of P. citri can be
detected which are controlled by E. stipulatus. During
July—September, mean daily temperatures reach val-
ues of 27-30 °C, providing conditions more favoura-
ble for the development of TCM. Low populations of
this mite are found in July, increasing rapidly to pro-
duce population peaks at the end of September and
beginning of October (data not published). According
to Ferragut et al. (1988), P. citri has a population peak
in late summer-early fall. However, this peak is cur-
rently not observed in the field (data not published).
We believe that the demise of the population peak of
P. citri is related to the lack of effective natural ene-
mies against TCM, as well as the indirect competition
for resource exploitation between both species. TCM
seems not to reject feeding on leaves slightly damaged
by previous consumption of low P. citri populations,
while high TCM populations completely cover the



The newcomer takes it all: the invader Texas citrus mite, Eutetranychus banksi (Acari:... 3187

habitable space on the leaves and leave them without
nutrients available for P. citri. The Resource Deple-
tion hypothesis (space and nutrient) has been cited as
the leading mechanism of interspecific competition
between the spider mites Tetranychus urticae Koch
and Eotetranychus carpini borealis (Ewing) on red
raspberry (Bounfour and Tanigoshi 2001), while the
ability of Tetranychus telarius (L.) to feed on leaves
previously consumed by Panonychus ulmi (Koch)
gives them an advantage in a competitive situation on
peach and apple crops (Foott 1963).

In addition to these two hypotheses, some stud-
ies have shown how indirect competition can exist
between two herbivores through changes in the qual-
ity of the shared plant, representing interactions
between competitors mediated by the host plant (Kar-
ban and Myers 1989; Tallamy and Raupp 1991). Dif-
ferent studies have demonstrated the ability of several
spider mites to Induce Plant Defences that negatively
affect other phytophagous competitors. Early season
occurrence of Eotetranychus willamettei (McGregor)
on grapevines in California resulted in a popula-
tion reduction of Tetranychus pacificus (McGregor)
through the induction of a systemic response (Hou-
gen-Eitzman and Karban 1995). On tomato plants,
Tetranychus evansi and T. urticae are often competi-
tive species. Both can inhibit host plant defences,
which facilitates their own development, although
they also favour the growth of other species (Sar-
mento et al. 2011). Therefore, the induction of plant
defences and their tolerance by the inducing species
determine the outcome of their competition with less
tolerant species. Although there are no studies on the
ability of TCM to manipulate citrus defences in its
favour to affect potential competitors, we cannot rule
out that this mechanism might play a role in the com-
petitive displacement carried out by E. banksi.

Our results show, for the first time, the existence
of competition between two invasive mite species of
the genus Eutetranychus originating from different
parts of the world. In this case, we cannot consider
the enemy release hypothesis as a mechanism that
regulates the competition because E. orientalis, like
E. banksi, lacks effective predators in the Spanish
citrus area. However, our results point to the exist-
ence of a competitive relationship between them
that is even more intense than that recorded between
E. banksi and P. citri. Both species are phyloge-
netically closer, so their ecological niche may be

more similar, and therefore the indirect competition
through resource exploitation between both species
would be more intense. Previous laboratory studies
demonstrated that E. orientalis performs better at
high temperatures around 30 °C, in the same way as
TCM; however, its biological parameters, especially
those related to fecundity, are lower than those of
TCM at the same environmental conditions. Eutet-
ranychus orientalis showed a fecundity of 14.56
eggs/female at 25 °C and 16.33 eggs/female at
30 °C (Imani and Shishehbor 2009), while TCM
can produce twice as many eggs as E. orientalis
(29.96 eggs/female at 25 °C and 32.08 eggs/female
at 30 °C) (Childers et al. 1991). Fecundity Differ-
ences between both species would be able to lead
the competitive displacement of E. orientalis from
the citrus area (Reitz and Trumble 2002).

As both Eutetranychus are closely related species,
Reproductive Interference is another hypothesis that
may explain the intense competition. Reproductive
interference is an interspecific interaction during the
process of mate acquisition caused by incomplete spe-
cies recognition resulting in the lack of courtship and
mating discrimination, which adversely affects the
fitness of at least one of the species involved (Gron-
ing and Hochkirch 2008). Since the native ranges of
both Eutetranychus do not overlap, they likely do not
have recognition mechanisms that act as a barrier to
avoid interspecific mating. Geographic displacement
driven by this mechanism has been demonstrated
in spider mites on apple trees in Japan, where Pan-
onychus mori Yokoyama predominates in the north
and P. citri in the south. Interspecific mating occurs
without fertilization and, because of their reproduc-
tion mode by arrhenotoky, females involved in inter-
specific copulation do not produce females in their
offspring, resulting in a decrease in their biological
fitness (Fujimoto et al. 1996). However, the degree
of reproductive interference is greater in P. mori than
in P. citri and, consequently, P. citri geographically
has displaced P. mori, in the southern area (Takafuji
et al. 1997). Following this hypothesis, the intense
competition detected by us between E. banksi and E.
orientalis could suggest the existence of reproductive
interference between them. It is possible that males
of E. orientalis do not discriminate between conspe-
cific and heterospecific females as much as males of
TCM, or alternatively, females of TCM discriminate
against interspecific mating more than females of E.
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orientalis. In either scenario, E. orientalis females
may be involved in interspecific mating more fre-
quently than TCM females, being more affected by
reproductive interference. Interspecific copulations
could be totally ineffective, but not affect the suc-
cessive fertilization with males of the same species
(Ozawa and Takafuji 1987). However, in the worst
case, the eggs produced are non-viable, no females
are produced in the offspring, or hybrid and infertile
females are generated, affecting in all cases subse-
quent intraspecific mating (Boudreaux 1963; Smith
1975).

Niche partitioning and future scenarios

Interspecific competition may cause competitors to
evolve to reduce the impact of that competition (Sakai
et al. 2001). We can consider future scenarios at the
plant-leaf level and at plant-species level. One way
to reduce the impact of competition and make pos-
sible the coexistence between competitive species
should involve a niche partitioning process (Albre-
cht and Gotelli 2001). In a broad scale spatial niche
partitioning, P. citri could be displaced to more tem-
perate citrus-growing areas, where it can compete
better, specializing in those temperate ranges, while
TCM would occupy the warmer zones. However, this
option seems less plausible in the case of E. orien-
talis, as both Eutetranychus prefer hot temperatures.
On the other hand, on a fine scale, the movement of
inferior competitors E. orientalis and P. citri to the
lower face of the citrus leaves avoiding the presence
of TCM, who prefers to live on the upper side, could
allow the coexistence of these two species on the
same leaves with their superior competitor. However,
this hypothesis seems unlikely, at least in clementine
citrus and lemons, since the lower side is already
occupied by the two-spotted spider mite 7. urticae,
which produces large amounts of silk covering the
leaf surface and probably rendering this habitat unfa-
vourable (Morimoto et al. 2006).

A food niche partitioning event was observed after
the invasion of 7. evansi in the Valencian region, as
the native spider mite species 7. urticae and T. turke-
stani Koch moved to occupy non-crop plants more
frequently, while 7. evansi established mainly on crop
plants (Ferragut et al. 2013a). Thus, another option
should be a change in the host plant range by the infe-
rior competitors in the invaded area. The three mite
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species are highly polyphagous, reported on more
than one hundred plant species worldwide (Migeon
and Dorkeld 2022) and the observed interactions may
be expected on other hosts. We have demonstrated the
existence of competition on citrus plants, but there is
no information on the population behaviour of these
mites on other plants.

Although food and space are the major mecha-
nisms for niche partitioning, time can also provide a
scenario for the niche partitioning on an annual tem-
poral scale (Loureau 1989). This scenario is not very
plausible for both Eutetranychus species that show
optimal biological parameters related to high temper-
atures. However, P. citri could present a spring popu-
lation dynamic on warm temperatures, while TCM
populations could develop during the hot summer.
Nevertheless, this scenario is improbable, since E.
stipulatus, the main predator of P. citri, has its popu-
lation peak in spring (Ferragut et al. 1988). Competi-
tion among E. banksi and P. citri in Florida citrus has
been reported before by Childers (1992), where TCM
has become the dominant species in the orchards
since 1955, displacing the P. citri. Therefore, the
establishment of E. banksi and the resulting competi-
tive displacement and extinction of P. citri from entire
or most of the citrus growing areas in the Valencian
region seems the most likely hypothesis. On the other
hand, this is the first time that E. orientalis and E.
banksi have coexisted in citrus crops worldwide, but
the phylogenetic proximity, and the consequent niche
similarity and intense competition between both
Eutetranychus species, makes their coexistence even
less plausible. Whatever the final outcome, under a
total competitive displacement scenario, TCM will be
more exposed to intraspecific competition, a powerful
force in the case of agricultural pests which, by defi-
nition, produce intense population outbreaks in short
periods of time.
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