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ABSTRACT ARTICLE HISTORY
The rhizome-, shoot- and leaf-feeding armoured scale Rhizaspidiotus Received 24 September 2024
donacis (Hemiptera: Diaspididae) was released for biological control Returned 14 April 2025

of invasive arundo (Arundo donax) in the Sacramento and San Accepted 26 May 2025
Joaquin River watersheds of the Central Valley of northern
A . KEYWORDS
California. One year after release, short-term establishment of Diaspididae; crawler;
R. donacis was confirmed at all nine field sites (11 release sites). cartizocane; giant reed;
Four to eight years after release, 47% of the nodes of side shoots release; dispersal
removed from live main shoots in the release plots at the nine field
sites supported at least one adult female of R. donacis, verifying
long-term establishment, and at five sites \100% of the plots
examined had established populations. Pre-release mechanical
control of A. donax (ground-cutting, mowing or no cutting) did not
influence short or long-term establishment. To determine dispersal
of R. donacis, side shoot nodes were examined at various distances
from 16 plots across eight sites. Scale prevalence and abundance
were negatively related to distance from release plot. Reproductive
adult females dispersed 10 m or less from 13 of these plots, with
annual dispersal under 2 m per year, consistent with general
expectations of armoured scale crawler active dispersal ability, and
maximum dispersal distance was not dependent on scale density
in the release plot. Dispersal between 40-73 m in two plots was
possibly caused by disturbance. The armoured scale R. donacis was
confirmed as being well-established, dispersing and building
populations, with potential to negatively impact A. donax.

Introduction

The armoured scale family Diaspididae (Hemiptera: Coccomorpha) has over 2,600 species
in over 420 genera worldwide (Garcia Morales et al., 2024; Kondo, 2022), including 199
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pest species (Miller & Davidson, 1990). There are over 300 species in at least 90 genera in
the United States (Gill, 1997), 40% of which are introduced, with 82 of those being at least
minor pests (Miller et al., 2005). Many armoured scales are polyphagous, feeding on five
or more plant families, and among these are major plant pests in the U.S. and globally
(Kondo, 2022; Miller & Davidson, 2005). At least 270 armoured scale species in 60
genera use at least one member of the family Poaceae as a host (Garcia Morales et al.,
2024) including most of the polyphagous pest species, but there are many armoured
scales that feed only on grasses. For example, the Tribe Odonaspidini has five genera
and 75 species; 63 of these feed only on Poaceae (Garcia Morales et al., 2024). Among
110 pest diaspidid species in the U.S. (Miller & Davidson, 2005), four are predominantly
grass-feeders, including Odonaspis ruthae Kotinsky), a significant pest on 16 genera
(Miller et al., 2005 including turfgrass species (Kondo, 2022; Miller & Davidson, 2005).
Most of the grasses used as hosts by diaspidids are perennials.

Arundo donax L., known as arundo, giant reed or carrizocane in the U.S,, is a perennial
grass that has invaded over 4,000 ha (Cal-IPC, 2020) of riparian and wetland habitat in the
Sacramento and San Joaquin River watersheds and the Sacramento-San Joaquin Delta, the
nexus of California’s limited water resources (Moran et al., 2021) and the point of confluence
of both rivers with San Francisco Bay. This giant (to 8 m tall) bamboo-like grass consumes
water resources, fuels wildfires, obstructs flood control systems, alters stream flow patterns
and displaces native species in arid subtropical and warm temperate riparian habitats world-
wide (Goolsby et al., 2023). There are several other perennial (Overholt et al., 2016; Yell et al,,
2024) and annual (Archer et al., 2023) grasses that are invasive and damaging weeds in the
U.S. and other countries. In light of the ability of armoured scales to exert negative impacts on
host plant growth and survival (Kondo, 2022; Kosztarab, 1990; Miller & Davidson, 2005)
including stem-feeding species on sugarcane (Saccharum officinarum L.) (Williams & Great-
head, 1990) and bamboo (subfamily Bambusoideae spp.) (Ben-Dov, 1990; Haojie et al., 1998),
there may be untapped potential for the use of host-specific diaspidid armoured scales in
biological control of invasive grasses (Goolsby et al., 2009).

The armoured scale Rhizaspidiotus donacis Leonardi is the first and only member of the
Diaspididae to be intentionally released for biological weed control (Winston et al., 2024).
This species was selected as a candidate for biological control of A. donax because of its
high host specificity (Goolsby et al., 2009, 2020) and its potential for impact. In its
native range in Spain, it reduced lateral shoot growth (Cortés et al., 2011a) and
rhizome weight (Cortés et al., 2011b) by 50%. Dense populations can be diagnosed on
stunted main stems with spindly, brittle side shoots and few live leaves (Goolsby et al.,
2013a). In greenhouse studies in the U.S it reduced gas exchange by 40% and photosyn-
thesis by over 50% (Moore et al., 2010). It was first released in 2010-2013 in the Lower Rio
Grande Basin of Texas along the Rio Grande (Goosby et al., 2011) and in México along the
river and in Morelos, south of México City (Martinez Jiménez, 2018). The genus Rhizas-
pidiotus (Tribe Aspidiotini) has 14 members (Garcia Morales et al., 2024). Host associ-
ations of the 13 members extant as of 2009 were reviewed by Goolsby et al. (2009),
indicating five species that feed only on one or a few hosts in the Poaceae.

Rhizaspidiotus donacis established a population at one site along the Rio Grande in
south Texas in 2011 (Goosby et al., 2011). A technique to release R. donacis reared on
small potted A. donax ‘microplants’ by planting them in the field was developed and estab-
lishment verified within a year of release by qualitative (yes/no) detection of immatures on
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leaf collars at 25 sites (Villarreal et al., 2016). Establishment also occurred in México (Mar-
tinez Jiménez, 2018). The presence of R. donacis reduced live aboveground biomass of
A. donax at two sites along the Rio Grande in Texas by over 50% compared to plots in
which only the other released agent, the shoot tip-galling wasp Tetramesa romana
Walker (Hymenoptera: Eurytomidae) had established (Goolsby & Moran, 2019). Until
now, that study was the only one that examined field density of R. donacis after release,
and it focused on only two sites. This armoured scale formed no populations on nontarget
grasses in the field in south Texas (Goolsby et al., 2020).

In this study, we released R. donacis at nine sites in the Central Valley of northern
California, verified short and long-term establishment and examined field dispersal.
The short-lived (1-4 days) crawler phase of the first instar is the only mobile phase of
the female armoured scale lifecycle (Beardsley & Gonzalez, 1975). The distance crawlers
can move has been measured for several pest species (Kondo et al., 2022) and in one
study on R. donacis (Villarreal et al., 2021), but some studies involved artificial substrates,
making prediction of crawler field dispersal capabilities difficult. Field dispersal patterns
in crops can reflect passive movement to new patches by wind, birds and other animals
onto which crawlers are brushed (Beardsley & Gonzalez, 1975) and phoretic movement
by other insects (Magsig-Castillo et al., 2010). There is little information on new popu-
lation establishment and active crawler dispersal (by crawling) among Diaspididae that
feed only on one or more grass species.

Materials and methods
Release sites

The armoured scale R. donacis was released at nine field sites in the Sacramento and San
Joaquin Valleys and the Sacramento-San Joaquin Delta (referred to here as ‘the Delta’), all
found in the Central Valley of northern California (Table 1). All sites consisted of riparian
woodland habitat typical of the Central Valley (Barbour et al., 2007). The northernmost
sites, SAC1 and SAC3, were located in the floodplain of Stony Creek, a tributary of the
Sacramento River in the northern Sacramento River watershed, adjacent to rangeland,
row crop fields and almond orchards (Prunus amygdalus Batsch) and were within
20 km of the city of Orland, in Glenn County. Two of the southernmost sites, SJ1 and
SJ3, were on levees of irrigation canals while the other, SJ2 was in an alluvial fan of Cotton-
wood Creek, a tributary of the San Joaquin River in the southern San Joaquin River water-
shed. All three sites, located in Madera County, were adjacent to almonds and grape
vineyards (Vitis vinifera L., Vitaceae). Three sites on levee banks of Marsh Creek
(DEL1) or the Sacramento River (DEL2, DEL3) were located in the western Delta in
Contra Costa or Sacramento County within 20 km of the city of Rio Vista, while a
fourth Delta site (DEL4) was located on a levee of Burns Cut in the eastern Delta, near
the Port and City of Stockton in San Joaquin County. The four Delta sites were located
adjacent to wetlands and row crop fields. Tetramesa romana was released and established
populations at eight of these sites during the same time frame as when R. donacis was
released and evaluated (Bitume et al., 2024), and it also established at site DEL4 (Moran,
2025). Table 1 provides site locations, habitat and soil type (SoilWeb, 2024) as soil type
may be relevant for establishment and crawler dispersal. More information on soil
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Table 1. Sites at which the rhizome- and shoot-feeding armoured scale armoured scale Rhizaspidiotus
donacis was released for biological control of Arundo donax in the Central Valley of northern California.

Plot(s)
Scale Number of selected for
(Latitude, source Year release Microplants dispersal
Site Longitude) Habitat Soil type® code®  released plots per plot Survey
SAC1 39.8, Stream Sand 1 2017 9 1 None
—1222 floodplain
SAC3 39.7, Stream Loam 2 2015 10 2-3 SAC3-1
—122.0 floodplain
and
terraces
Sand 1 2017 9 1 SAC3-2
Sh 36.9, Canal levee Sandy 1 2017 9 1 SJ1-1
—120.1 loam
Sandy 1 2019 5 4 SJ1-2,3,4
loam
S)2 36.9, Dry alluvial Sandy 1 2017 9 1 SJ2-1,2
-120.0 fan loam
SJ3 37.0, Canal levee Sandy 1 2017 9 1 SJ3-1,2,3
—120.2 loam
DEL1 38.0, Creek levee Dry muck 2 2016 5 2-3 DEL1-1
—-120.7 (organic
matter)
DEL2 38.1, River levee Silt 3 2018 5 2-3 DEL2-1
—-120.7
DEL3 38.2, River levee Loamy silt 3 2018 5 1 DEL3-1
—120.6
DEL4 37.9, River levee Loamy clay 1 2019 3 2 DEL4-1, 2
—-121.4

?See Supplemental Table for more information on soil conditions.
bOriginal source of R. donacis population in native range. 1 = Rivesaltes, France (GPS, 42.8, 2.9); 2= Sanltcar de Barra-
meda, Spain (GPS, 36.8, —6.3); 3 = Villafranqueza (El Palam¢), Alicante, Spain (GPS, 38.4, —0.5).

composition, as well as temperature and precipitation information covering the release and
establishment period (1 January 2016 to 31 December 2023) from four weather stations
representing the sites (CIMIS, 2024; NCEI, 2024), is provided in the Supplemental Data
(Table S1.)

Source of insects

The armoured scale R. donacis was sourced from populations in far southwestern coastal
France and eastern and southern coastal Spain for host range tests (Goolsby et al., 2009)
and field release in Texas (Goosby et al., 2011) and three of these populations were used
in our releases (Table 1). Genetic examinations of ribosomal DNA using internal tran-
scribed spacer (ITS) analysis (Goolsby et al., 2009) and of CO1 nuclear DNA (Braman
et al., 2021) showed that R. donacis populations from this area are highly similar geneti-
cally. Most of California is expected to be climatically suitable for establishment of
R. donacis populations sourced from this Mediterranean region (Goolsby et al,
2013a). In all cases, rhizomes collected from the European sites were shipped to an
arthropod quarantine laboratory in the U.S. Adult females were removed from rhizomes
and placed in groups of 10-20 in Size 0 (2 cm-long) gelatin capsules (Torpac, Fairfield,
NJ, USA) maintained in a growth chamber at 25-27 °C with a 12:12 light:dark cycle.
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Capsules were checked every 1-2 days and crawlers isolated by pouring females into new
capsules. Crawlers were screened for contaminants including a parasitic wasp (Aphytis
sp., Hymenoptera: Aphelinidae) and mites and then used to infest greenhouse plants.

Biology and propagation of R. donacis

Biology. The biology of R. donacis has been described (Moran & Goolsby, 2010). Field-
collected adult females produce an average of 85 live crawlers (up to 300), which live only
1 or occasionally 2 days without food. Crawlers of R. donacis provided with A. donax
settle within 1 d on rhizomes, shoot buds arising from rhizomes, main stem crowns,
the bases of side shoot nodes and leaf collars (Goolsby et al., 2009, 2013a; Goolsby &
Moran, 2019; Moran & Goolsby, 2010) secreting a waxy covering and appearing as
‘whitecaps’. After 8-10 days, they molt to the second instar and secrete a mixture of
wax and other substances, including wastes and likely phenolics (Miller & Davidson,
2005), giving the scale covering a brown appearance. Males molt to an immobile 3rd
instar and complete prepupal and pupal instars to emerge as winged adults 30-40
days after birth (total of five instars (Miller & Davidson, 2005)). Adult males live only
1-2 days (Moran & Goolsby, 2010). Males mate with newly-molted immobile adult
(3rd instar) females, which then expand by almost 50% in size over several months
and develop crawler embryos. Females reach a size of about 1.2 mm and begin reprodu-
cing about 170 days after birth, reproduce over an 8-30-day period and die after repro-
duction ends. Although it is possible to produce two generations per year under
greenhouse conditions (Goolsby et al., 2013b), in both the native range (Cortés &
Marcos Garcia, 2012) and in an adventive population found on A. donax near
Ventura in southern California (Braman et al., 2021) there is one generation per year,
with peak crawler emergence in the spring. The host range of R. donacis is restricted
under field conditions to the genus Arundo (Goolsby et al., 2009; Goolsby et al., 2020).
In lab tests, R. donacis can feed, reach the adult female stage and in one case reproduce
on native or introduced accessions of common reed, Phragmites australis L. at levels 10-
100-fold less than on A. donax (Braman et al., 2021).

Propagation

The R. donacis ‘microplant’ propagation technique described by Villarreal et al. (2016)
was followed with minor modifications (See Supplemental Data for details). Microplants
were used for field releases an average of 183 + 15 days (n =60 from 2017 and 2019
releases) after being infested with crawlers. This time frame captured the period of
crawler production of R. donacis (Moran & Goolsby, 2010)

Field release of R. donacis

Microplants infested with adult female R. donacis were planted as in Villarreal et al.
(2016) in the autumn to take advantage of winter rains and cool temperatures in Califor-
nia’s Mediterranean climate (Beck et al., 2018), to potentially increase microplant survi-
val (see Supplemental Data). Plot preparation, timing between preparation and planting,
and the number of microplants planted per plot varied among sites due to logistics, avail-
ability of microplants and site access (Table 1). At site SAC3 in December 2015, ten small
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plots (0.25 m?) of A. donax were cut to ground and 2-3 microplants immediately planted
in each plot. At site DELI, two 1 m” plots were cut to ground in October 2016 and six
microplants planted in each one month later. An additional nine microplants were
planted along the trail. In October 2017, five 1 m? plots, spaced about 5 m apart on
this same trail, and all at least 5 m from the 2016 release plots, were ‘topped’ (mowed
to 1 m height) with a gasoline-powered hedger as part of the project to release
T. romana. No additional microplants were planted into those plots. In April or May
2017, at five sites (SAC1, separate area of SAC3 (over 100 m from the 2015 release),
SJ1, SJ2 and SJ3), nine 4 m* square plots per site were cut to ground, topped or left
uncut (three plots per treatment) and allowed to regrow in preparation for release of
T. romana. These plots were spaced a minimum of 10 m apart, but were often 50 m or
more apart. Between September and November 2017, one R. donacis microplant was
planted into a front corner of each plot. Effects of the cutting pre-treatment on establish-
ment were later analysed among these five sites. At sites DEL2 and DEL3, five 4 m” plots,
all topped, were cut per site in September 2017. Microplants (2—4 per plot at DEL2, one
per plot at DEL3) were planted in October 2018. At site DEL4, three 4m? plots were cut to
ground in the front half (closest to trail) and topped in the back half in September 2019,
and each plot received two R. donacis microplants placed in the front half in November
2019. Also in 2019, five new scale release plots were initiated at site SJ1, over 100 m and in
a separate patch from the patch where releases were made in 2017. The four corners (0.25
x 0.25 m” squares) were cut to ground while the rest of the plots were left uncut. Four
microplants were immediately placed in each plot, one in each corner.

Evaluation of short-term establishment

Rhizome sampling was used as in past studies to evaluate R. donacis densities in the
native range (Cortés et al., 2011b; Goolsby et al., 2013a) by sampling A. donax rhizomes
approximately one year (up to 15 months at sites DEL2 and DEL3) after microplant
planting. One rhizome sample was collected in each release plot after cutting rhizomes
in an area of ca. 8 cm x 8 cm, as close as possible to the microplant and always within
0.5 m. Samples were stored at 4 °C for no more than three months prior to dissection
and collection of all adult females. If any females were found (indicating a ‘positive’
rhizome’), they were isolated in groups in capsules as above and live or dead
crawlers counted at least once a week for eight weeks or until reproduction ceased.
Crawler counts were summed and divided by the count of females collected to determine
crawler output per female. This calculation assumed that all females collected were alive
and reproductive at the time of collection, although this could not be verified as doing so
would have damaged or killed the females. In two cases in which rhizomes were stored
for almost a year (site SAC3, plot SAC3-1; DEL4, plot DEL4-1), females were collected
but were dead and so no crawler counts were obtained. Two samples from site SJ1,
plots SJ1-3 and SJ1-4, were lost.

Evaluation of long-term establishment

Release plots were sampled in September, October or November 2022 or 2023. The
number of years that elapsed between planting of R. donacis-infested microplants and
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evaluation of long-term establishment varied between 4 years (for site DEL4, plots DEL4
-1, -2) to 8 years (for site SAC3, plot SAC3-1), averaging 5 years across the release sites
(Table 1). Site DELL, plot DELI-1, which did not receive a direct release of R. donacis,
was evaluated as a release plot as it was within 5 m of the trail on which releases were
made in 2016. Plot SAC3-1 was the only one of 10 release plots from the 2015 release
at this site that was evaluated. Plot SAC3-2 was not evaluated, but eight other plots
arising from the 2017 R. donacis release at site SAC3 were checked. Some plots could
not be sampled at the following sites: SAC1 (lost access to four of nine plots); SJ2
(flooding destroyed four of nine plots); DEL2 (fire destroyed one of five plots); and
DELS3 (fire destroyed two of five plots). The five plots started in 2019 at site SJ1 were
not evaluated.

Sampling of branches and calculation of percent branches infested is considered a
reliable method to determine armoured scale infestation (Kozéar, 1990). All live
A. donax main shoots (having at least one live side shoot and/or main shoot leaf)
were cut at ground level in three 0.25 m” subplots sampled in each release plot.
All side shoot nodes, including those with only dead side shoots, were collected and
examined. Dead stem bud sheaths at the base of each node were pulled back and
each node inspected for 5-10 s. The number of nodes with at least one adult
female and total nodes examined were counted and used to calculate proportion
positive nodes.

Evaluation of dispersal

The release plots for which short- and long-term establishment data are shown in the
Results were the ones selected for dispersal evaluation, carried out between January
and March 2024, on the basis of the following criteria: 1, Verification of long-term estab-
lishment in the plot (positive nodes), either with or without prior evidence of short-term
establishment (with the exception of plots SJ1-2, -3, and -4, in which long-term establish-
ment was not formally determined; plots were briefly checked in 2024 to verify presence
of R. donacis on nodes before starting the dispersal study). 2, Isolation from other long-
term established plots (at least 13 m; 40 m or more in all but four cases). 3, Availability of
A. donax as a continuous patch in the direction opposite that of the next closest estab-
lished plot. The following dispersal distances were evaluated: 0.5 m (inside the plot)
and 1, 2, 5, 10, 20 and 25 m from the plot edge, for an average of seven evaluation
points per transect (range 5-16). Some transects were shortened due to limitations in
patch size, in which cases nearby patches were sampled. If at least one positive node
was found at 25 m and more contiguous A. donax was available, the transect was
extended in increments of 5-10 m until it went at least one distance beyond the furthest
distance with at least one positive node.

At each distance, three live main shoots were haphazardly selected and cut down. The
lowest five nodes containing at least one live side shoot were removed and examined
(total of 15 nodes per distance). Nodes with at least one adult female were placed in a
bucket and proportion positive nodes determined. Three positive nodes were hapha-
zardly selected. If three or fewer nodes were positive, all were selected. Nodes were dis-
sected and females collected, isolated in capsules and crawler emergence monitored as
above to determine crawler production per female.
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Data analysis

SAS v9.1.4 (SAS Institute, Cary, North Carolina, USA) was used for all analyses except
where indicated. Shapiro-Wilk tests for normality, examination of the distributions of
the data, and, when analysis of variance (ANOVA) was used, of model residuals and
comparison of models to minimise Akaike’s Information Criterion AIC), all guided
selection of the appropriate model for each dataset. Analyses of variance on climate
data (Table S1) were run using PROC GLIMMIX assuming a lognormal distribution
for extreme minimum temperature and total annual precipitation and a normal distri-
bution for the other temperature variables, with least-square mean comparisons
among the four weather stations. To determine the effect of plot cutting treatment
(uncut, ground-cut or topped) on short-term (collection of a positive rhizome) and on
long-term (counting of least one positive shoot node) establishment in release plots at
the five sites started in 2017, in which plots were cut to ground, topped or left uncut
(SAC1, SAC3, S]1, SJ2 and SJ3), Bernoulli regression of a categorical (yes/no) establish-
ment variable on cutting treatment was used in SAS PROC GLIMMIX with a logit-link
function and field site as a random intercept variable. An ANOVA with a binomial dis-
tribution assumption and random site effect examined the effect of plot cutting on pro-
portion positive nodes in long-term establishment evaluations. To examine relationships
between dispersal distance and proportion of 15 nodes examined at each distance that
were positive, a linear regression with Gaussian distribution assumption, identity link
function and random intercept term of site was run in R, version 4.4.2 (R Core Team,
2025), using the glmmTMB package (McGillycuddy et al., 2025) . Similar regressions
were run with a Poisson distribution assumption to regress total females collected at
each distance, and total crawlers produced, on dispersal distance. Values for the intercept
and slope for those two regressions were natural log-back transformed for graphing of
the regression line. To further test for density-dependent crawler dispersal, the
maximum distance on each transect at which reproductive females were found, and dis-
tance at which females were found regardless of reproduction, were regressed separately
on adult female density per node in the release plot using SAS PROC GLIMMIX with a
lognormal distribution assumption. These regressions included no site effect, as there
was only one or two dispersal transects per site except at site SJ3. Sigmaplot v15.0
(Grafiti LLC, Palo Alto, CA) was used to run Spearman rank correlations to test for
associations between proportion positive nodes among 15 examined in the dispersal
study in the release plot and at each distance and total adult females collected from
the subset of three nodes from each distance and total crawler yield. A paired t-test
using SAS PROC TTEST examined differences in crawler yield per female at the
maximum dispersal distance to the transect-wide production average.

Results
Site conditions

Conditions varied widely across sites. R. donacis was released on A donax growing in soil
of five different soil orders plus uncharacterised Riverwash, with widely varying domi-
nant components, including sand with gravel and rock (SACI and site SAC3, plot
SAC3-2), loam (SAC3, plot SAC3-1 and sites SJ1, SJ2, SJ3 and DEL3), decayed organic
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matter (site DEL1), silt (DEL2) and clay (DEL4) (Tables 1 and S1). Climate conditions
varied across the four regions where R. donacis was released. The lowest annual tempera-
ture extreme was observed at the Holt weather station, representing the eastern Delta
including site DEL4 (—7.8 °C), in 2023, and the highest was 46.7 °C at the Madera
station, representing the southern San Joaquin River Valley sites SJ1, SJ2, and SJ3, in
2022 (Table S1). The lowest annual minimum temperature averaged across years was
—2.8 + 0.2 °C (no significant differences among stations), the annual average daily
minimum was 9.6 + 0.2 °C (significantly lower at Holt than at the three other stations),
the average daily maximum was 24.9 + 0.2 °C (lowest at the Rio Vista station representing
sites DEL1-3 in the western Delta, highest at Madera), and the highest average maximum
daily temperature observed per year was 42.3 + 0.4 °C (highest at the Orland station
representing sites SAC1 and SAC3 in the northern Sacramento River watershed and at
Madera, lowest at Holt). Annual total precipitation averaged 33.2 £ 3.1 cm and was
2.3-times higher at Orland (47.8 £ 7.9 cm) than at Madera (20.7 + 3.5 cm) and intermedi-
ate at the stations representing the DEL1, DEL2, and DEL3 sites (Rio Vista, 35.8 *
4.2 cm) and DEL4 (Holt, 27.7 + 3.3 cm) site (Table S1).

Establishment

Short-term establishment. Establishment of R. donacis was confirmed one year after
release through dissection of one rhizome sample from each release plot at the nine
field sites, assessed as 11 release site areas because releases were made in separate
areas of site SAC3, in 2015 (SAC3-1) and 2017 (SAC3-2), and at site SJ1 in 2017
(SJ1-1) and 2019 (SJ1-2, 3, and 4) (Table 2). Across 18 plots that were later considered
for dispersal assessment (17 of which were selected, omitting SAC1-1), in nine cases
the 1-year plot rhizome sample had no females. In those cases, the closest plot in
which short-term establishment was verified was, on average (mean + SE) 28 m +
6 m away (min, 10 m, max, 50 m, n=38) (Table 2). At plot SACI-1, the closest estab-
lished plot was 486 m away, but this plot was omitted from distance calculations. Con-
sidering all rhizome samples on which females were found (in the release plot or
nearest plot with females) and excluding duplications (closest plot to a release plot
was another evaluated release plot) an average of 92 + 44 females were collected (n
=14), and when evaluated for reproduction produced 14 + 4 crawlers per female (n
=10). Crawler emergence evaluated across all evaluated plots at each site verified
the presence of reproductive adult females at seven of the 11 release site areas.
Females collected at site DEL1 or DEL3 did not produce crawlers, and females isolated
from plot SAC3-1 and other plots associated with the 2015 release at that field site
were not evaluated for reproduction, nor were females from any plots at site DEL4
(Table 2). Across the five sites at which microplants with R. donacis were planted in
the fall of 2017 (SAC1, SAC3, SJ1, SJ2 and SJ3), there was no effect of plot cutting
treatment on whether short-term establishment occurred in the plot one year later
in a Bernoulli regression (F=0.67, df=2, 38, P=0.52).

Long-term establishment. Between four and eight years after release, long-term
(multi-year) establishment (presence of at least one positive side shoot node) was
confirmed in release plots at all nine field sites (10 release site areas evaluated, includ-
ing plot SAC3-1, and eight plots other than plot SAC3-2 associated with the 2017
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Table 3. Long-term establishment of the armoured scale Rhizaspidiotus donacis at nine sites in the
Central Valley of northern California. Data were obtained by examining all side shoot nodes on live
main shoots collected in three 0.25 m? sub-plots within the release plot and counting the number
of nodes with at least one adult female R. donacis and the total number of nodes examined.

Number of plots
Proportion of per site with at

Years post- nodes in plot least one Proportion of
Plot used release Nodes in with at least positive node /  Total nodes positive
in dispersal when release plot one adult total plots examined at  nodes at the
Site studies assessed” examined female examined® the site site®
SACT SAC1-1 5 345 0 1/5 844 0.11
SAC3  SAC3-1 8 77 0.87 11 77 0.87
SAC3-2 6 ND - 7/8 841 0.45
Sh SJ1-1 5 237 0.02 2/9 1987 0.01
SJ1-2 ND - - - - -
S)1-3 ND - - - - -
SJ1-4 ND - - - - -
SJ2 SJ2-1 6 20 0.75 2/5 469 0.10
SJ2-2 6 99 0.32
SJ3 SJ3-1 6 110 0.79 9/9 1814 0.51
SJ3-2 6 209 0.70
SJ3-3 6 272 0.81
DELT  DEL1-1 6 303 0.08 5/5 1045 0.53
DEL2  DEL2-1 4 120 0.36 4/4 537 0.15
DEL3  DEL3-1 4 386 0.62 3/3 851 0.39
DEL4 DEL4-1 4 254 0.01 3/3 537 0.27
DEL4-2 4 176 0.73

ND, long-term establishment not determined.

PAt site SAC1, only five plots could be accessed for long-term establishment. At site SAC3, only plot SAC3-1 was sampled
for long term establishment, among the ten 2015 release plots at this site. Also at this site, plot SAC3-2 was not
sampled, but the other eight plots from the 2017 release were sampled. Some plots were destroyed by flooding
(site SJ2, four of nine plots) or fire (DEL2, one of five plots; DEL3, two of five plots) prior to long-term sampling.

“Postive node = containing at least one adult female R. donacis.

release at the SAC3 site (Table 3). Among the eight plots around plot SAC3-2, seven
had positive nodes and at five other sites (S§J3, DEL1, DEL2, DEL3 and DEL4) all
release plots had one or more positive nodes. Across all plots later selected as
origins for dispersal transects (all rows in Table 3 except SACI1-1), the average
number of nodes examined per plot was 189 + 30. On a per-site basis (one to nine
plots available for evaluation), an average of 909 + 186 nodes were examined (Table
3). Across all release plots evaluated at the 10 release site areas (n =52 plots), an
average of 31% (x 5%) of the nodes had at least one R. donacis adult female (Table
3). Among the eight field sites at which plots were, in 2024, selected for dispersal
assessment (none from site SAC1), an average of 47% of the nodes were positive (+
10%). Across five sites started in 2017, there was no effect of plot cutting treatment
on whether long-term establishment of R. donacis occurred in the plot in a Bernoulli
regression (F=1.48; df=2, 30; P=0.32). The proportion of positive nodes in release
plots that had been topped was (mean + SE) 0.29 + 0.06; for ground-cut plots, 0.46
* 0.11; for uncut plots, 0.17 + 0.09, with no significant differences among treatments
(F=1.44; df=2, 29; P=0.25). Among 13 plots that received more than one micro-
plant, all had R. donacis populations, while 24 of 39 (62%) that received only one
microplant did. However, the effect of this difference was confounded with site
effects, as the multiple microplant strategy was used at only four of the evaluated
sites (SAC3-1, 1 plot; DELL, 5 plots; DEL2, 4 plots; DEL4, 3 plots).
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Dispersal

Transects were sampled originating in 16 plots across eight field sites selected mainly on
the basis of the presence of adult female R. donacis in long-term establishment evalu-
ations (Table 3). For plot SAC3-2 and for the SJ1-2, -3, and -4 plots, establishment in
the plot was verified at the start of the dispersal study in January 2024. A total of 65 obser-
vations of scale dispersal were made, including those in the release plots. A linear
regression with a random intercept variable for site indicated a negative relationship
between distance on dispersal transect and proportion of positive nodes among 15
sampled at each distance (proportion of nodes =0.592 - 0.0096(distance), SE = 0.0021,
z=—4.577, residual df =61, P < 0.0001, with a low residual variance estimate of 0.056
(Figure 1A). The random effect variance for site was estimated at 0.0184, indicating
low variability among sites. A regression of total females collected from samples of
three positive nodes at each distance on distance yielded total females=52.444
-1.045(distance), with SE = 0.0021, z = —17.89, residual df = 62 and P < 0.0001, indicating
a negative relationship, with the random effect variance estimated at 0.311, SD = 0.588,
indicating moderate variability among sites (Figure 1B). Similarly, a regression of total
crawlers on distance yielded total crawlers =692 -1.025(distance), with SE =0.0005, z
= —53.06, residual df =62 and P < 0.0001 (Figure 1C). The random effect variance for
site was estimated at 0.326, SD = 0.571, indicating moderate variability among sites.

Across all 16 transects, across all distances at which at last one positive side shoot node
(among 15 collected) was found, proportion positive nodes was positively correlated to
both the number of females collected from subsets of three nodes (r = 0.62, P < 0.0001, n
= 65) and the number of crawlers they produced (r = 0.52, P < 0.0001, n = 65). Consider-
ing only distances with at least one positive node, 50% of side shoot nodes examined in
the field were positive. The density of females per node ranged from 1 to 37 (average 15 +
3 across the eight sites). A regression of maximum distance of dispersal of reproductive
females on female density per node in the release plot was not significant (F = 0.18,df =1,
14; P=0.68) nor was a regression of the maximum distance of dispersal of females
regardless of reproduction on release plot female density (F=1.21, df =1, 14; P=0.21)
indicating a lack of density-dependence in maximum dispersal distance. The average
crawlers produced per female at the furthest distance where found (35) did not differ
from the average production per female in transect-wide averages (20) in a paired t-
test (P > 0.12). On 9 of the 16 transects, the total number of females isolated across all
positive distances was over 100 (Table 4). No parasite emergence occurred from isolated
females.

The average maximum distance from release plots at which reproductive females were
isolated (10 m) was only slightly less than the average longest distance at which females
were isolated regardless of reproductive status (11 m) (Table 4). Maximum dispersal dis-
tance was < than 10 m on 13 of the 16 transects and < than 5 m in 8 of 16. Plot SAC3-1
showed the greatest dispersal, 73 m from the plot, eight years after release. From plot SJ3-
1 crawlers had dispersed 40 m by the sixth year, and from plot DEL3 20 m by the fifth
year (Table 4). The annual rate of dispersal (equal to one scale generation) was highest
at 9.1 m per yr from plot SAC3-1, 6.7 m per yr from plot SJ1-3 and 4 m per year from
plot DEL3-1 but was 1 m or less per yr on 11 of the 16 transects and 3 m or less per
yr on 13 of 16. For each transect, the maximum distance checked was always beyond
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Figure 1. Regressions of distance on dispersal transects originating in 16 plots in which the armoured
scale Rhizaspidiotus donacis was released for biological control of arundo (Arundo donax) on: A, Pro-
portion of side shoot nodes, among 15 examined in the field at each distance, that had at least one
adult female R. donacis scale (total females=52.444 -1.045(distance), SE=0.0021, z =-17.89,
residual df =62, P < 0.0001) B, Total adult females removed from a sub-sample of three side shoot
nodes at each distance (total females =52.444 -1.045(distance), SE=0.0021, z =—17.89, residual
df =62, P < 0.0001); and, C, Total crawlers produced by these females (total crawlers = 692 -1.025(dis-
tance), SE=0.0005, z = —53.06, residual df =62, P < 0.0001).
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the largest distance at which females were found, suggesting that the current limit of dis-
persal was determined. In two cases in which A. donax patch size was limiting (plot
SAC3-1 and DEL1-1) the maximum distance checked was only 3 m beyond the limit
of dispersal, but it was otherwise at least 1.2-fold more than the limit of dispersal
(Table 4).

Discussion
Establishment

The armoured scale R. donacis is well-established at all nine of the field sites (11 release
areas) in northern California’s Central Valley where it was released,. Our methods to
assess establishment based on prevalence and abundance follow those used for polypha-
gous armoured scales on dicot crops (Boyer & Zedler, 1996; Gill, 1997; Kondo, 2022;
Kozar, 1990) No prior field study of R. donacis (Goolsby & Moran, 2019; Villarreal
et al., 2016) quantified adult female abundance on rhizomes (short-term establishment)
or side shoots (dispersal) in release plots, in addition to measuring prevalence of infested
rhizomes and nodes, and none examined female abundance and verified crawler pro-
duction on dispersal transects, or examined dispersal distance. Establishment occurred
across a broad range of soil types and climatic conditions that varied among regions, con-
sistent with native range surveys (Goolsby et al., 2013a).

The short-term establishment results illustrate the uncertainty arising from taking
only one rhizome sample per release plot. The need to minimise impact on new popu-
lations of R. donacis limited sampling. The abundance of females in the rhizome
samples was 75% less than that observed in the native range in Mediterranean Europe
(Goolsby et al., 2013a) taking their rhizome counts of all scale life stages and assuming
50% of what they counted was adult females. The fact that crawlers emerged from
females collected from the majority of the 11 release areas suggests that the females
were first-generation reproductive adult progeny that had emerged as crawlers dispersing
from the microplants, and also supports prior conclusions that R. donacis has one gen-
eration per year in the field (Braman et al., 2021; Cortés & Marcos Garcia, 2012). Based
on an average of 14 adult females on each microplant, and considering that only one or
two microplant(s) was/were planted into most release plots, the results suggest efficient
(greater than 1:1 ratio of output:input) production of an establishing population. The
average rhizome sample from a short-term established plot, if it had been left undis-
turbed, had the potential to produce about 700 second-generation crawlers, of which
5%-10% would be expected to survive to settle and develop to the adult female stage
(Beardsley & Gonzalez, 1975; Moran & Goolsby, 2010). Based on the long-term establish-
ment and dispersal rate results, and the distances separating the plots that failed to yield
females in short-term sampling and the closest plot that did, we conclude that the long-
term results reflect local establishment in all of the plots, rather than dispersal during the
time between the short- and long-term evaluations. Short-term evaluations thus did not
detect all establishment events.

Among the release plots initiated between 2015 and 2019 and selected for dispersal in
2024, that were first examined for long-term establishment in 2022-2023, the percentage
(47%) of positive side shoot nodes was similar to that observed (53%) at two sites along
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the Rio Grande in Texas seven years after release (Goolsby & Moran, 2019), but lower
than the 85%-100% of nodes observed as infested in the native range (Goolsby et al,,
2013a). Microplants were planted in the autumn, and winter rains are typical of Califor-
nia’s Mediterranean climate (Beck et al., 2018). Rainfall limited population development
of Dactylopius opuntiae (Cockerell) (Hemiptera: Dactylopiidae) on prickly-pear cactus
cladodes (Moran & Hoffmann, 1987). Cutting plots to ground did not benefit short-
or long-term R. donacis establishment in release plots as it did for the short-term estab-
lishment of the galling wasp T. romana (Bitume et al., 2024). Crawlers often settle on rhi-
zomes with pink shoot buds (Moran & Goolsby, 2010) which develop prolifically after
ground-cutting, but studies in the Mediterranean suggested that R. donacis populations
are largest in A. donax stands that are not disturbed by mowing (Goolsby et al., 2013a).

Dispersal

The results indicated limited dispersal of about 10 m on average from release plots by
early 2024, with estimated annual (= one generation) dispersal rates of 1 m or less
from 69% of the plots and 3 m or less from 80%. The prevalence of infestation of
nodes in the long-term establishment sampling varied in the transect origin release
plots from 0.01 to 0.87 of nodes examined, but prevalence did not influence maximum
dispersal distance. Dispersal of weed biological control agents may in general be indepen-
dent of population density at the point of release (DeClerck-Floate et al., 2005). Local
prevalence of R. donacis among the 15 nodes examined in the release plots and at
each distance on the transects was positively correlated to female and crawler yield.
This result, the fact that crawler production per female was as high at the maximum dis-
persal distance as on the overall transect, and the strong positive correlations between
prevalence of positive nodes and female abundance and crawler yield, suggest that the
R. donacis populations were mostly first-generation live females, and that populations
are thus building as the scale disperses, consistent with trends expected for armoured
scales in suitable environments (Beardsley & Gonzalez, 1975; Kondo, 2022; Miller &
Davidson, 2005), including the only other species in the same genus, Rhizaspidiotus dear-
nessi (Cockerell), for which dispersal dynamics has been studied (on cranberry, Vacci-
nium macrocarpon Aiton (Jackson & Koval, 1977)). The significant negative
regressions between prevalence of node infestation, female abundance or number of
crawlers collected from lab-isolated females and distance, and the lack of relationship
between female density per node in the release plot and maximum dispersal distance
of females, indicate that substantial A. donax shoot node substrate remains unused on
the transects, and that high densities of females in some release plots did not drive craw-
lers to disperse farther than did crawlers originating in low-density release plots. Our
surveys reached the limit of active crawler dispersal on each transect.

The average active dispersal distance of under 2 m per year for R. donacis in this study
is ten-fold less than the slowest-dispersing weed biological control agent of 66 agents
reviewed by Paynter and Bellgard (2010), a scale insect on Opuntia spp. cacti, Dactylopius
opuntiae (Cockerell) (Hemiptera: Dactylopiidae) which can disperse 22 m per year over
several generations. The absence of R. donacis from separate patches of A. donax suggests
that wind-driven dispersal had not occurred, although it is common and important in
many armoured scales that are pests (Beardsley & Gonzalez, 1975; Kondo, 2022;
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Koteja, 1990). The dispersal distances and rates were consistent with or below that
observed in pest armoured scales. Rhizaspidiotus donacis is viviparous, given birth to
live young (Moran & Goolsby, 2010). Villarreal et al. (2021) found that R. donacis craw-
lers could move 0.22 to 0.73 mm per second inside gelatin capsules, adding up to a ‘theor-
etical maximum’ movement of 3-6 m in 3 h and 14-25 m in 12 h. However, this study
observed back-and-forth movement on a smooth, ideal crawling surface, as armoured
scale crawler movement is not unidirectional (Greathead, 1990). Similarly, California
red scale, A. aurantii, was observed on tracing paper and estimated to be capable of
moving 19-65 m in 2 days depending on temperature and assuming non-stop movement
(Quayle, 1911). In the field, however, this scale is estimated to actively disperse (by crawl-
ing) only about 1 m per generation (Kondo, 2022) and San Jose scale only 3 m (Gentile &
Summers, 1958). Among non-grass feeding polyphagous pest armoured scale species,
Kondo (2022) reports dispersal of ‘about’ 1 m for seven species and ‘under’ 1 m for
three; among four polyphagous pest species that feed on at least one species in the
Poaceae, dispersal is ‘about’ 1 m per generation. Dispersal of pest armoured scales that
feed mostly or entirely on grasses is not well-studied (Haojie et al., 1998; Kondo, 2022;
Williams & Greathead, 1990). The sugarcane scale (Gannaspis glomerata (Green)) can
disperse about 1 m per generation (CABIi, 2019).

On three of our transects, dispersal rates exceeded 0.1-3 m per generation/year and
was as high as over 9 m per year/generation from plot SAC3-1. Flooding occurred at
this site in the winters of 2018, 2022 and 2023 and might have moved broken
A. donax shoot wrack containing R. donacis-infested side shoot nodes of A. donax.
Flooding occurred between release and evaluation of R. donacis impact at two sites
along the Rio Grande but did not hinder establishment (Goolsby & Moran, 2019); dis-
persal was estimated at 100 m at each site. At site SJ1, only plot SJ1-3 had an unusually
high dispersal rate (almost 7 m per year, to 40 m); dispersal from the other plots with the
same soil was only 4-5 m total, or under 1 m per year. Mowing occurred at site DEL3 as it
was along a busy road; perhaps similar activity took place around plot SJ3-1, bordering an
almond field, in both cases moving infested side shoot nodes or propelling crawlers.
Passive movement of diaspidid crawlers by humans or on animals is an important
mode of dispersal (Kondo et al, 2022). Active attachment to insects (phoresy)
(Magsig-Castillo et al., 2010) has not been studied in Rhizaspidiotus; if it had occurred,
we would have observed longer dispersal distances, including dispersal to separate
A. donax patches.

Conclusions

Our results show that the armoured scale R. donacis is established and dispersing at all
nine sites where we released it in the Central Valley of northern California. Its slow
rate of dispersal relative to the shoot tip-galling wasp T. romana, which dispersed over
6 km (Bitume et al, 2024) may limit its impact to the areas around release plots
(Goolsby & Moran, 2019). Our releases were limited by the supply of microplants. Aug-
mentation within established sites, and releases at new sites, can be accomplished by
cutting main stems with infested side shoot nodes into 1-2 node sections and distributing
them widely within the site, or at specific points to measure dispersal. Releases should be
made in the late autumn, winter or early spring to allow crawler emergence onto
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abundant rhizome bud and shoot node substrates. Our results show that R. donacis can
be released successfully in both uncut and cut stands of A. donax. Measurement of the
prevalence of side shoot nodes with at least one R. donacis female is sufficient to docu-
ment establishment and estimate dispersal. Releases of this scale have been made in
New Zealand and are being considered elsewhere (Goolsby et al., 2023). The results
offer guidance for the use of diaspidid scales in other weed biocontrol systems. For
example, Rhizaspidiotius amoiensis Tang is reported only from cogongrass (Imperata
cylindrica (L.) P. Beauv.) in China (Garcia Morales et al., 2024; Kondo, 2022) and a bio-
control programme targeting this grass is underway (Overholt et al., 2016). Slow disper-
sal in new populations of biological control agents can promote inbreeding and thus
exacerbate genetic Allee effects (Heimpel & Asplen, 2011). Release of multiple accessions
of R. donacis, as was done at site SAC3 and SJ1, may counteract these effects. Information
on the density and distribution of T. romana and R. donacis is guiding impact evaluations
of both agents and of the scale alone on live biomass and density of A. donax. The
armored scale has been modelled as being more tolerant of Mediterranean, warm tem-
perate conditions in northern California than T. romana (Goolsby et al., 2013a, 2014).
It is expected to build up large, impactful populations over time, reducing the environ-
mental damage caused by A. donax.
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