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Abstract

Integrated pest management (IPM) guidelines for horticulture are typically established from years of experi-
mental research and experience for a crop species. Ecoinformatics methods can help to quickly adapt these
guidelines following major changes in growing practices. Citrus production in California is facing several
major challenges, one of which is a shift away from sweet oranges [Citrus sinensis (L.) Osbeck Sapindales:
Rutaceae] toward mandarins (including mostly cultivars of C. reticulata Blanco and C. clementina hort. ex
Tanaka). In the absence of IPM guidelines for mandarins, growers are relying on pest information devel-
oped from oranges. We mined a database of management records from commercial growers and consultants
to determine densities for four arthropod pests: cottony cushion scale (/cerya purchasi Maskell Hemiptera:
Monophlebidae), citricola scale (Coccus pseudomagnoliarum Kuwana Hemiptera: Coccidae), European earwig
(Forficula auricularia Linnaeus Dermaptera: Forficulidae), citrus red mite (Panonychus citri McGregor Acari:
Tetranychidae), and a natural enemy, predatory mites in the genus Euseius (Congdon Acarina: Phytoseiidae).
Densities of cottony cushion scale were approximately 10-40 times higher in the two most commonly grown
mandarin species than in sweet oranges, suggesting this pest is reaching outbreak levels more often on man-
darins. Densities of the other pests and predatory mites did not differ significantly across citrus species. This
is a first step toward establishing IPM guidelines for mandarins for these pests; more research is needed to

determine how arthropod densities relate to crop performance in mandarins.
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Integrated pest management (IPM), in which pest densities are
monitored and maintained below acceptable economic injury levels
through preventative cultural methods and application of mechan-
ical, biological, and chemical controls, aims to maximize economic,
ecological, and social interests concurrently (Stern et al. 1959, van
den Bosch and Stern 1962, Flint and van den Bosch 1981). This prac-
tice relies on an understanding of the biology in the agroecosystem,
with guidelines usually established from many years of field experi-
ments and experience. The extensive resources needed to conduct
these fundamental agroecological studies can pose a barrier to IPM
implementation (van den Bosch and Stern 1962). Ecoinformatics or
data mining approaches can help to determine crop—pest interactions
following sweeping changes in agroecosystems, to see where and
how practices need to be updated (Bekker et al. 2007; Rosenheim
et al. 2011, 2017; Rosenheim and Meisner 2013; Rosenheim and
Gratton 2017).

Citrus is a top commodity in California, with a long production
history that for many years was dominated by sweet oranges. Over
the past ca. 20 yr, there has been a major shift toward mandarins,
which now account for the majority of new citrus acreage and market

value (California Department of Food and Agriculture and California
Agricultural Statistics Service 2018, California Department of Food
and Agriculture 2019). The umbrella term ‘mandarin’ hides sub-
stantial genetic diversity, with cultivars of C. reticulata (e.g., “Tango’
and ‘W. Murcott Afourer’) and C. clementina (e.g., ‘Clemenules’),
the most commonly grown (California Department of Food and
Agriculture and California Agricultural Statistics Service 2018).
The IPM program was established from decades of research and ex-
perience in sweet oranges and has not been updated for mandarins
(Dreistadt 2012, Grafton-Cardwell 2014, Grafton-Cardwell et al.
2020). Extensive monitoring efforts by professional pest control ad-
visors (PCAs) contribute to the success of the IPM program. This
field scouting generates a wealth of observational data covering a
broad range of commercial growing conditions, presenting an op-
portunity to help understand mandarin—arthropod interactions.

A number of pests are commonly monitored in commercial
citrus groves in the Central Valley using qualitative and quantita-
tive density estimates. Some of these including California red scale
(Aonidiella aurantii Maskell Hemiptera: Diaspididae), citrus thrips
(Scirtothrips citri Moulton Thysanoptera: Thripidae), fork-tailed
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bush katydid (Scudderia furcata Brunner von Tattenyll Orthroptera:
Tettigoniidae), and lepidopteran caterpillars (mostly citrus cut-
worm, Egira curialis Grote Lepidoptera: Noctuidae) are known to
cause characteristic damage directly to the orange fruit, which is
commonly monitored in harvest bin sampling. The relationships be-
tween field densities and damage levels of these ‘direct’ pests were
assessed in mandarins in a previous study (Cass et al. 2019b). Other
common pests that are the subject of the present study are cottony
cushion scale, citricola scale, European earwig, and citrus red mite.
Cottony cushion scale and citricola scale settle on citrus leaves and
branches to feed on sap, which reduces tree vigor and can cause twig
dieback. These scales also excrete honeydew, which is a substrate
for sooty mold growth, interferes with photosynthesis, and damages
fruit (Flanders 1942, Bartlett 1953, Quezada and DeBach 1973,
Bernal et al. 2001). European earwigs are omnivores that feed on
buds, leaves, and fruit in the spring (Kallsen 2006, Dreistadt 2012,
Romeu-Dalmau et al. 2012). Citrus red mites feed on leaves, where
they can cause stippling and dried leaf patches (mesophyll collapse).
They also sometimes feed on fruit where they can cause stippling,
silvering, or sunburn, and in very high densities, they can lower yield
(Quayle 1912; Kennett and Flaherty 1974; Hare et al. 1990, 1992).
Predatory mites in the genus Euseius (herein ‘predatory mites’) are
also monitored for their contributions to pest control. They are gen-
eralist predators that feed on citrus thrips (Tanigoshi et al. 1983,
1984), citrus red mite (Congdon and McMurtry 1988, McMurtry
et al. 1992), other small insects such as scale crawlers, and leaf sap
and pollen (Kennett et al. 1979, Ouyang et al. 1992, Dreistadt 2012).
We mined quantitative sampling data collected on these arthropods
by PCAs in commercial citrus groves to test whether the mandarin
species now commonly being grown harbor different densities com-
pared with oranges.

Materials and Methods

Citrusformatics Database and Data Subset

We analyzed a subset of a SQL server database (‘Citrusformatics’,
Ten2Eleven Business Solutions, LLC) of commercial citrus produc-
tion records from Fresno and Tulare counties, CA, in crop years
2007-2014. The database was compiled from multiple sources and
included grove agronomic data, field scouting reports, and agrichem-
ical use records provided by cooperating commercial citrus growers
and PCAs and accessed from the Pesticide Use Reporting database
(California Department of Pesticide Regulation 2018), as described

previously (Livingston et al. 2018, Cass et al. 2019b). Subsetting of
the data exported from the SQL server, and all subsequent analyses
and graphing were performed in R version 3.6.1 (R Core Team 2018)
using R packages in tidyverse (Wickham et al. 2019), based on the
code provided in Cass et al. (2019b). Records for 155 commercial
citrus groves from 55 ranches, each observed for 2-8 yr were used
in the analyses, for a total of 1,014 grove-years. Not all arthropod
species were sampled in each grove-year, and density estimates were
not available for some citrus species—arthropod combinations where
they were not surveyed.

The median area of the sampled groves was 10.2 hectares (range
1.0-142.2) with a median tree age of 9 yr (range 1-105; groves
that had mixed tree ages due to partial replanting were excluded
from analyses). The citrus genus has a complex phylogeny (Wu et al.
2018), with many commercially grown cultivars being interspecific
hybrids that are clonally propagated through nuclear embryony
(Wang et al. 2017) or grafting (Mudge et al. 2009). The cultivars
represented in the data were grouped by citrus species determined
from the University of California Riverside Citrus Variety Collection
(University of California Riverside 2018), as per Table 1.

Arthropod Density Estimates

Pest and natural enemy sampling conducted by PCAs was based
on methodologies recommended in the University of California
Pest Management Guidelines (Grafton-Cardwell et al. 2020). Pest
densities were estimated for each grove from the proportion of
sample units infested with the organism (presence/absence sampling).
Percent sample units infested were used as an estimate of pest density
or pressure within a grove, instead of a count estimate of absolute
pest density (number/leaf), as under commercial conditions, most
data fall in the approximately linear portion of the curve linking per-
cent sampling units present versus pest density, allowing us to calcu-
late averages with only modest error (Jones and Parrella 1984), and
because percent samples infested is the measure used by farmers, and
thus is the ‘real’ currency of pest management decision making. One
sample unit was monitored per tree. Sampled trees were selected by
walking in a circle from approximately the fifth to tenth tree of the
fourth row from the corner of the grove. In larger groves, the sam-
pled trees were spread out over equal-sized quadrants. The number
of sample units checked per scouting depended on the grove area,
grove shape, and time available for sampling. In general, 25 sample
units for groves less than 8 hectares, 50 sample units for groves 8-16
hectares, and at least 100 sample units for groves larger than 16

Table 1. Citrus cultivars represented per species assignment in the analysis

Citrus type Citrus species

Citrus cultivar No. grove-years

Sweet orange C. sinensis

Mandarin C. reticulata

C. clementina

‘Atwood’ navel 61
‘Barnfield’ navel 6
‘Cara Cara’ navel 49
‘Chislett’ navel 8
‘Fisher’ navel 45
‘Fukumoto’ navel 38
‘Lane Late’ navel 64
‘Powell’ navel 184
‘Spring’ navel 8
“Washington’ navel 186
Valencia 2
Other/unspecified navel 30
‘Tango’ 118
‘W. Murcott Afourer’ 97
‘Clemenules’ 118
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hectares. In the dataset analyzed, most observations were approxi-
mately 25, 50, or 100 sample units (median: 50, range: 10-480). For
citricola scale, predatory mites, and citrus red mite, the sample units
were individual leaves examined on both the upper and lower sides,
or occasionally for citricola scale, approximately 15-cm portions
of branches. For cottony cushion scale, the sample units were ap-
proximately 60-cm portions of tree trunks or inner branches. These
arthropods were monitored in trees of all ages, whereas earwigs were
only commonly monitored in newly planted groves in the protective
wraps placed around young tree trunks. For earwigs, the sample
units were these tree trunk isolation wrappings that were shaken.
When two separate estimates were made for the same organism, in
the same grove, on the same day (e.g., by two different PCAs on two
different data sheets), they were combined by taking an unweighted
average. The arthropods were sampled frequently throughout the
year as described in the University of California Pest Management
Guidelines (Grafton-Cardwell et al. 2020).

Grove-year was the replicate unit used for our analyses. Mean
pest densities for each grove-year were calculated from cumulative
pest-days, equivalent to the area under the curve that plots pest
density versus day of year by linear interpolation between consecu-
tive observations, as per Cass et al. (2019b). For mites, interpolations
were taken between points within each calendar year. For scales and
earwigs, interpolations extended into the subsequent year if there
was at least one density observation in that calendar year. Density
estimates were adjusted using pesticide application records assuming
complete pesticide effectiveness for the targeted pest, as groves are
not usually sampled immediately following pesticide applications for
safety considerations. This was done by setting the pest densities to
zero on the day after a spray targeting the pest, unless there was a
scouting observation on that day and only when a spray occurred
between two scouting observations. As a check of the assumption
of complete pesticide effectiveness, we also ran the models without
this pesticide correction, i.e., assuming pesticide failure such that
arthropod densities remained unaffected by the sprays in the inter-
polation, and not including any correction in the statistical model
for pesticide pressure. As reported below, there was no change in the
overall results, so we did not test scenarios for intermediate changes
in populations following sprays. Mean pest densities for each grove-
year were then calculated from the daily estimates for the calendar
year for the number of days in the range of sampled dates in that
year.

Statistical Analyses

Analyses were performed in R version 3.6.1 (R Core Team 2018).
Differences in mean estimated daily arthropod density per grove-
year among citrus species were tested for each pest using generalized
additive mixed models in the mgcv package version 1.8.28 (Wood
2006, 2011), run with the gam function. This function allows for
nonlinear relationships via flexible thin plate regression spline ‘tp’
smooths on the continuous predictors, and random effects added as
‘re” smooths. For each arthropod, the response variable was the or-
ganism density (mean daily proportion of sample units infested), and
the predictor variable was citrus species with a beta family (logit link).
Other covariates included in the model were as follows: year, tree
age (years since planting), grove area, grove latitude and longitude
by year, and number of targeted pesticide sprays for each grove-year.
Ranch and grove identifiers were also included as random effects.
The inclusion of these covariates reduced the amount of unexplained
variance and opportunities for spurious associations between the
citrus species predictor of interest and the density response variable.

The year covariate was included to capture much of the weather-
generated year-to-year variation that could affect pest densities. The
tree age, grove area, and number of targeted pesticide sprays are vari-
ables that could influence arthropod densities separately from citrus
species. The grove location (grove latitude and longitude by year)
provided statistical control for spatial autocorrelation of the obser-
vations, incorporating the possibility that pest densities were patchy
and that the locations of the patches varied across years. The grove
identifier was the basic management unit for commercial farming
operations and its inclusion accounted for the repeated-measures
(time-series) nature of the data set. A ranch identified a set of con-
tiguous groves managed by the same grower following a common
set of agronomic practices; including ranch identifier controlled for
between-farmer differences in farming practices.

Sprays were counted as targeting the pest when listed by the PCA
or based on discussions with the PCAs about which active ingredi-
ents were used for each pest. Applications covering partial groves
(based on the acreage covered compared to the total grove acreage)
were counted as partial sprays. For predatory mites, sprays targeting
any mite were counted. We tested running the models with broader
pesticide target groups: number of pesticide sprays targeting pest
group (sprays targeting any scale insect for cottony cushion scale or
citricola scale, or any mite for citrus red mite) and total number of
insecticide and acaricide sprays. We also ran each model on a subset
of the data using only groves within the range of tree age overlap for
each organism and citrus species (i.e., excluding the orange groves
older than the maximum age of the youngest mandarin species sur-
veyed for the pest: 15 yr for cottony cushion scale, 13 yr for citricola
scale, 15 yr for citrus red mite, and 12 yr for predatory mites), to
account for the longer history of orange production potentially con-
founding the tree age and citrus species terms. Earwigs were only
compared in newly established groves (trees up to 3 yr since plan-
ting), as this is where they were routinely sampled. For C. sinensis,
which has multiple cultivars represented, the models were run on a
subset of the data with citrus cultivar as a predictor instead of citrus
species to test for within-species cultivar effects, for cultivars that
had a sufficient number of grove-years represented. Note that for the
two C. reticulata cultivars, ‘Tango’ was derived from ‘W. Murcott
Afourer’ through irradiation of budwood to obtain a low seeded
variety (University of California Riverside 2018), so we would not
expect there to be differences between these two cultivars. Where
there was a significant effect of citrus species or citrus cultivar, pair-
wise contrasts were made between species or cultivars by assessing
the overlap of confidence intervals at an alpha level of 0.05 of the
mean residual values from the statistical models with the citrus spe-
cies or citrus cultivar variable withheld.

Results

There was a significant effect of citrus species on the densities of
cottony cushion scale, but not on the densities of citricola scale,
European earwig, citrus red mite, or predatory mites. The results
were mirrored in models run without any pesticide correction (Supp
Fig. S1 [online only], Supp Table 1 [online only]) and in models run
on subsets of the data of only groves within the range of overlapping
tree ages among the citrus species (Supp Table 2 [online only]) or
using broader categories to count the number of pesticide sprays
targeting any insect or mite (Supp Table 3 [online only]). To con-
trol statistically for the effects of other variables on pest densities,
in Fig. 1a we plotted the mean residual values from the statistical
models with the citrus species variable withheld, to isolate the effect
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Fig. 1. Arthropod densities in commercial groves of sweet oranges and mandarins in Fresno and Tulare counties, CA, between 2007 and 2014. (a) Residuals of
the model run with the citrus species term withheld. (b) Mean densities. Error bars show 95% confidence intervals. Numbers in gray above bars indicate number
of grove-years sampled. Significance of the explanatory variable citrus species on the response variable density is indicated above bars for each pest group
(***P<0.001, **P< 0.01, *P < 0.05, n.s. ‘not significant’ P> 0.05). Letters above bars indicate groups with overlapping confidence intervals at 95% where there

was a significant effect of the explanatory variable citrus species.

of citrus species. The raw means are presented in Fig. 1b and the full
statistical model outputs are provided in Table 2. Cottony cushion
scale densities were higher in C. clementina and C. reticulata than
in C. sinensis, a pattern that held before and after accounting for
effects of the other covariates (Fig. 1, Table 2).

Comparing Fig. 1la with Fig. 1b shows the importance of
including multiple covariates in the statistical model, to isolate ef-
fects of citrus species from the influences of other factors that can
shape citrus arthropod densities in pooled, observational data: in

several cases, univariate mean insect density estimates appeared to
be quite different across citrus species, but the apparent differences
disappeared when the explanatory roles of other covariates were
incorporated. For example, citricola scale densities appeared to be
much lower in both mandarin species than in oranges looking at the
raw densities (Fig. 1b), but this difference was entirely explained by
variation in other covariates, such as significant effects of tree age,
year, and pesticide pressure (Fig. 1a, Table 2). Similarly, for citrus
red mites, the raw densities appeared lower in mandarins, especially
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Table 2. Generalized additive mixed model? output for influence of citrus species on arthropod densities
Pest No. grove-years Parameter Degrees of freedom ¥? P-value
Cottony cushion scale 421 citrus species 2 38.9 <0.0001***
s(tree age) 1.0 0.3 0.873
s(grove area) 1.0 <0.1 0.929
s(number targeted sprays) 1.0 0.9 0.344
year 4 8.7 0.070
s(longitude, latitude) 2010 2.6 4.1 0.143
s(longitude, latitude) 2011 2.6 9.5 0.011*
s(longitude, latitude) 2012 2.0 0.9 0.641
s(longitude, latitude) 2013 2.6 4.1 0.337
s(longitude, latitude) 2014 2.3 1.8 0.554
s(ranch identifier) 353 155.3 <0.0001%**
s(grove identifier) 0.1 0.1 0.719
Citricola scale 538 citrus species 2 0.4 0.818
s(tree age) 2.0 29.7 <0.0001%**
s(grove area) 1.0 0.1 0.721
s(number targeted sprays) 1.2 39.5 <0.0001***
year 7 73.0 <0.0001%**
s(longitude, latitude) 2007 2.8 4.8 0.148
s(longitude, latitude) 2008 2.4 2.0 0.362
s(longitude, latitude) 2009 1.0 <0.1 0.982
s(longitude, latitude) 2010 2.0 11.8 0.003**
s(longitude, latitude) 2011 2.0 15.0 <0.001***
s(longitude, latitude) 2012 2.2 5.1 0.113
s(longitude, latitude) 2013 2.0 1.2 0.547
s(longitude, latitude) 2014 2.6 7.7 0.058
s(ranch identifier) <0.1 <0.1 0.592
s(grove identifier) <0.1 <0.1 0.986
Earwig® 32 citrus species 2 0.8 0.685
s(tree age) 1.2 0.4 0.586
s(grove area) 1.4 0.4 0.542
number targeted sprays 1 19.1 <0.0001***
year 2 14.4 <0.001%**
s(grove identifier) 10.3 57.5 <0.0001***
Citrus red mite 941 citrus species 2 5.4 0.328
s(tree age) 1.0 <0.1 0.102
s(grove area) 1.0 8.8 0.003%**
s(number targeted sprays) 1.7 32.4 <0.0001***
year 7 484.2 <0.0001%**
s(longitude, latitude) 2007 2.3 32.4 0.030*
s(longitude, latitude) 2008 2.9 7.4 <0.001***
s(longitude, latitude) 2009 2.0 20.3 0.249
s(longitude, latitude) 2010 2.0 2.8 0.004**
s(longitude, latitude) 2011 2.0 10.8 0.001%*
s(longitude, latitude) 2012 2.0 13.1 0.737
s(longitude, latitude) 2013 2.9 0.6 <0.0001%**
s(longitude, latitude) 2014 2.0 26.4 <0.0001%**
s(ranch identifier) 32.6 24.7 <0.0001%**
s(grove identifier) 65.8 402.0 <0.0001%**
Predatory mites 239 citrus species 2 2.3 0.312
s(tree age) 1.0 2.1 0.149
s(grove area) 1.0 11.8 <0.001%**
s(number targeted sprays) 1.0 0.4 0.513
year 3 15.2 0.002%*
s(longitude, latitude) 2008 2.7 13.6 0.017*
s(longitude, latitude) 2009 1.0 0.5 0.463
s(longitude, latitude) 2011 2.5 14.4 0.001**
s(longitude, latitude) 2012 2.8 5.6 0.084
s(longitude, latitude) 2013 2.0 2.7 0.253
s(ranch identifier) <0.1 <0.1 0.614
s(grove identifier) 64.8 156.5 <0.0001%**

“Beta family (logit link) GAMM: density ~ citrus species + year + s(tree age, bs = ‘tp’) + s(grove area, bs = ‘tp’) + s(number of targeted pesticide sprays, bs = ‘tp’)

+ s(longitude, latitude, bs = ‘tp’, by = year) + s(ranch identifier, bs = ‘re’) + s(grove identifier, bs = ‘re’).

YRanch identifier term removed and smooth for number of targeted pesticide sprays removed due to insufficient statistical power.

‘Number of targeted pesticide sprays included sprays targeting any mites.

##5P 2 0.001, **P < 0.01, *P < 0.05.
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C. clementina (Fig. 1b), but this trend disappeared after removing
variation explained by the other covariates, including significant
effects of grove area, year, pesticide pressure, and grove location
(Fig. 1a, Table 2). Predatory mite raw densities were slightly higher
in mandarins, especially C. clementina (Fig. 1b), but again, these
differences were accounted for by the other covariates, including
grove area and year (Fig. 1a, Table 2). There was a high variation
in earwig densities within species, with a limited sample size that
reduced the statistical power of the model. The trend toward higher
earwig densities in C. sinensis (Fig. 1b) was removed by accounting
for other covariates including year and pesticide pressure (Fig. 1a,
Table 2).

There was an overall effect of citrus cultivar on citricola scale
densities within the citrus species C. sinensis; however, there were
no significant paired contrasts between the cultivars. There was no
effect of citrus cultivar on densities of cottony cushion scale, citrus
red mite, or predatory mites (Supp Fig. S2 [online only], Supp Table
4 [online only]).

Discussion

We found evidence of differences in mean densities across citrus spe-
cies for cottony cushion scale, with higher densities in the two most
commonly grown mandarin species (C. reticulata and C. clementina)
than in sweet oranges (C. sinensis). Direct fruit damage by citrus
thrips and katydids is much less prevalent in C. reticulata than in
C. sinensis (Cass et al. 2019a, b; Mueller et al. 2019). The prepon-
derance of cottony cushion scale in these mandarins thus appears to
be a strong counter-example, where C. reticulata might be a more
suitable host than C. sinensis. There was no effect of citrus species on
the densities of the other surveyed arthropods after controlling for
the effects of other covariates such as tree age and grove area. The
similar pest densities suggest similar pest pressure, although more
work is needed to see if similar densities beget similar effects on yield
and fruit quality.

The result of higher cottony cushion scale on mandarins is
striking both because cottony cushion scale appears to be a major
pest of the new mandarins with frequent outbreaks recorded and
because of cottony cushion scale’s historical status as the target of an
early, dramatically successful demonstration of classical biological
control (Caltagirone and Doutt 1989). The cottony cushion scale is
an invasive pest that was devastating the expanding citrus industry
in California in the late 1800s. It was controlled by the introduc-
tion of two exotic, specialized natural enemies in the 1890s: the ve-
dalia beetle Rodolia cardinalis Mulsant (Coleoptera: Coccinellidae)
and the parasitoid fly Cryptochaetum iceryae Williston (Diptera:
Cryptochaetidae). These have been examples of long-term, stable
control of cottony cushion scale in citrus throughout the state. The
vedalia beetle is active in all areas and predominant in the Central
Valley including the location of this study, while the parasitoid
fly favors coastal citrus (Quezada and DeBach 1973, Caltagirone
and Doutt 1989, Dreistadt 2012). The higher densities of cottony
cushion scale in mandarins suggest that there has been a breakdown
of the vedalia beetle biological control system.

We do not know the basis for the cottony cushion scale out-
breaks and presumed vedalia beetle ineffectiveness on mandarins,
but present some non-mutually exclusive hypotheses. Bottom-up ef-
fects may be important, with mandarins being a better host for cot-
tony cushion scale. For example, mandarins may provide a higher
quality or more palatable food resource for cottony cushion scale
(Schuman and Baldwin 2016, Erb and Reymond 2019), or a more

preferable microclimate for cottony cushion scale growth with
their more bushy, higher leaf density architectural canopy structure
(Lawton 1983, Denno et al. 2002, Pearson 2009). Alternatively, top-
down effects may be more important, with the vedalia beetle being
less effective in suppressing cottony cushion scale on mandarins.
Mandarins may interfere with the efficacy of the vedalia beetle or
prohibit its establishment in groves. Several non-Citrus host plants
of cottony cushion scales have been found to be unsuitable for the
vedalia beetle either because the plants themselves were unattractive
or because the cottony cushion scales growing on those plants were
no longer accepted as prey (Quezada and DeBach 1973, Caltagirone
and Doutt 1989). Quantitative data on vedalia beetle densities were
not available for the groves surveyed here, but would help to test
these hypotheses.

The arthropod densities presented here describe what growers
and consultants are seeing on average in their oranges versus man-
darins given the grove conditions and management practices, rather
than a fine-scale look at individual sampled densities that might
trigger treatments. Economic injury levels are not available for any of
these pests on mandarins. On navel oranges, replicated, manipulative
experimental research support for a treatment threshold is available
for citrus red mite (Hare et al. 1990, 1992). Hare (1988) found only
minor differences in the suitability of lemons C. limon (L.) Burm. cv.
Lisbon and the mandarin C. unshiu Markovitch cv. Satsuma as hosts
for citrus red mite, similar to the findings reported here of similar
densities on C. sinensis, C. clementina, and C. reticulata. Treatment
thresholds for citricola scale and cottony cushion scale are based
on expert opinion and experience in C. sinensis (Grafton-Cardwell
et al. 2020). Specific thresholds for earwigs are not available in
young or mature trees on any citrus species; here we did not find
differences between the orange and mandarin species, although we
had less statistical power due to a smaller sample size, and a lack
of data for mature trees. Further work is needed for this emerging
pest (Kallsen 2006). The comparable densities of predatory mites
observed on mandarins and oranges may reflect the similar abun-
dances of its main prey items on these citrus species (this study and
Cass et al. 2019b).

There are some notable strengths and limitations to the
ecoinfomatic approach used in this study. For example, the test for
citrus species effects on densities is observational not experimental.
However, the scope of the data covering a broad range of growing
conditions, along with the multiple covariates included in the statis-
tical models helped to isolate the effect of citrus species from other
explanatory variables. Another limitation is that the data can only
cover the arthropods and citrus cultivars that are represented, for
example, we do not have data on vedalia beetles, on earwigs in
fruit-bearing trees, from more cultivars and older mandarin trees.
However, as the data came directly from commercial groves, the
model tested those factors directly relevant to the real conditions in
the production region.

Analyzing the pre-existing arthropod density data collected
in commercial groves as part of citrus production operations
has provided an overview of arthropod densities in different
citrus cultivars now commonly grown in California. For four im-
portant arthropods: citricola scale, citrus red mites, European
earwigs in young trees, and predatory mites, densities did not
differ significantly across citrus species. Additional work is now
needed to determine whether the per-capita interaction of these
pests with their different Citrus species hosts varies across the
commercially important citrus crops. For cottony cushion scale,
the higher incidence documented in mandarins provides impetus
for further research.
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