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ABSTRACT

The entomopathogenic nematodc, Steinernema riobrave, 1s routinely used by many citrus
growers in Florida as a eomponant ot [PM programs to control a rool wecvil, Diaprepes
abbreviatus, because: 1} D. abbreviatus is eurrently the major biologieal threat to
citricutture in the statc; 2) until 1998, no effective chemieal pesticides were registered for
control of weevll larvae in soil; 3) the short-term effieacy of S richrave has been
consistently documented; and 4) use of nematodes is relatively inexpensive. Although
unexploited, natural contro} of root weevils by undescribed species of indigenous nematodes
in Florida appears to be high. However, major questions remain regarding optimum use of
3. riobraveand other entomopathogenic nematodes. Constraints on sampling methodologies
have impeded the derivation of economic thresholds and of models of weevil population
dynamics that could be used to estimate optimum timing and frequency of nematode
treatments. The recommended nematode application rate appears to be adequate for
treatment of young trees. but may be too low to provide cousistent resuits in larger mature
trees. Research is also needed to estimate: 1) the long-term efficacy of uematodes against
weevils; 2) the relative efficacy of uematodes compared to insecticides in an IPM program,
and 3) the profitability of D. abbreviarus IPM.

INTRODUCTION

Several insect species in the family Curculionidae are ¢commonly referred to as citrus root weevils. In
Florida, and throughout the Caribbean region, the West Indian sugarcane rootstalk borer weevil, Diaprepes
abbreviatus L., is the root weevil of greatcst economic significance to citrus. The insect was first detected
in Florida in 1964, and currently infests an estimated 150,000 of the 845,000 acres of eommercial citrus
orchards. During the past decade, D. abbreviatus has become the most serious biological thrcat 1o the
well-being of citriculture in Florida because of its high ineidence, its devastating effeet on trees, and because
cost-effective [PM strategies have been elusive. Prior to 1998, atiempts o intervene in the soil-borne phase
of the weevil life cycle were hampered by the absence of registered, eftective soil-applied pesticides, due
to environmental concerns. For these reasons. the use of entomopathogenic nematodes to manage citrus root
weevils has had a high priority for more than a decadc among both rescarchcrs and citrus growers in Florida.

Adult D, abbreviatus feed and oviposit on the leaves of citrus and aliernate hosi plants in orchards (Fig. 1).
Newly-hatched (neonare) larvae drop to the soil where they develop for 4-9 months while feeding ou the root
systcms of trees. Pupation occurs in the soil. Young larvae feed initially on the small fibrous roots (Fig. 2),
but as they inerease in sizc they feed on the cortex of increasingly larger roots. The insects create loug
lesions or channels in the bark of large roots, which are then infected by the root-rotting fungi Phytophthora
nicotianae Dastur, and P. palmivora (Butler) Butler (McCoy, 1999; Graham & Menge, 1999). The
interaction between root weevils aud plant pathogenie fungi results in one of the most severe decline
syndromes affecting citrus. Trees arc sometimes killed by a resultiug crown rot, but more typically trees
decline severely and irreversibly due to cambium girdling and death of large structural roots.
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Figure 1,

it is often necessary to remove and replant the majority of trees within root weevil-infested orchards. Large
scale replanting has serious economic conscquences because maximum fruit yield is not attained for 10-15
vears. Moreover, weevil-resistant rootstocks are unavailable and the costs of managing weevils in replanted
orchards may exceed §2350/acre/vear. Recommended IPM of D. abhreviatus currently consists of the use of
inseciicides (¢.g., carbaryl) and ovicides (e.g., spray oil or diflubenzuron + spray oil to open adhering leaves
that protect egg masscs) for above-ground contro) of eggs and adult inseets, fungicides (e g., meralaxyl) for
eontrol of Phytaphthora spp., and soitl-applied insecticides (imidacloprid or bifenthrin) orentomopathogenic
nematodes for control of soil-borne stages of the insect (Knapp, 1998). Increased application frequency of
waterand fertilizer is also recommended to improve the tolerance of trees to the loss of roots cansed by root

weevils,

Figure 2.

Relative root mass
(g / mg soil)

The generalized life cycle of Diaprepes abbreviarus.
permission of APS Press and C. W, McCoy.
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‘Ihe relationship between population density of Diaprepes ahbreviatus
adults and citrus fibrous root density. Adult insects were monitored during
90 days using |2 Tedders traps in each of 12, 1.6 acre plots in an orchard.
Fibrous roots in each plot were sampled with soil augers on 2 occasions and
normalized by dividing root mass density by the highest mass density on
each oceasion.
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When Stefnernema carpocapsae Weiser was reporned to have efficacy agamst D. abbreviatus (Schroeder,
19901, the nematode quickly became commercially available and widely used in Florida orehards. However,
percelved failure of the commercial product i the field and subsequent research (Schroeder, 1994; Duncan
et al., 1996} resulted in changing the commercially available species from S carpocapsae o S. riobrave
Cabanillas, Poirar & Raulson and H. bacieriophorg Poinar, Kanunakar, & David. Rescarch during the past
5 years (Table 1) has confirmed the potential effectiveness of S. richrave as a eomponcnt in IPM of citrus
root weevils ( Bullock ef al.. 1999: Duncan & McCoy, 1996, Downing er a/.. 1991). Moreover, treatment
eosts = $25 per acre are relatively modest coinpared to those for most soil-applied chemical pesticides.

Despite a widespread acceptance of entomopathagenic nematodes for use in weevil IPM, a number of
concerns exist. Neither researchers nor growers consider current [IPM programs to be adequate for economie
management of citrus root weevils. There are no published studies of the profitability of these programns and
anecdotal evidence suggests that long-term weevil control is variable and in some cases marginal. The
research constraints to answering questions of efficacy and profitability are enormous. There are no methods
to directly assess population densities of weevils in soil, chemical attractants for adults are unknown. and
adult mnonitoring methods are inefficient. Root loss and root damage cannot be assesscd non-destructively.
The effect on vield of mitigating root damage 1s complex, requiring long-term study of several crop cycles.
Methodology problems such as these have conastrained researeh to determinc the insect life cycle, the
incidence and causes of natural control, optimum application timing and rate of entomopathogenic
nematodes, root loss-yield relationships, and insect economic thresholds.

However, ongoing research 15 attempting to address some of these problems in order to provide information
needed to optimize the use of tactics for [PM of citrus root weevils. The objcctives of this paper are to use
data from published and ongoing studies to deseribe how eatomopathogenic nematodes are currently used
by citrus growers, and to identify some of the questions that are being studied to improve the utilization of
these organisms.

CHOICE OF NEMATODE SPECIES AND FORMULATION

Several indigenous entomepathogenic nematode species (some undescribed) that parasitize citrus root
weevils occur in Florida citrus orchards (Authors & K. Nguyen, unpublished). Forexample, Heterorhabditis
indica was recently described from South Florida and is now available commercially. Other nematodes
available commercially for use in Florida citrus are S. ricbrave and H. bacteriophora. Each nematode
species has different search strategies that affect the horizontal and vertieal distance it migrates (Kaya er a/.,
1963}, and each persists diffcrently under different conditions (see below}. Similarly, recent laboratory data
indicate that H. indica may have higher virulence than other species against younger (ca. 4" instar)
D. abbreviatus larvae (Shapiro et al., 1999), whereas other experiments indicate S. riobrave is more virulent
against older (7-11" instar) larvae (Shapiro & McCoy, unpublished). Published research suggests that
S. riobrave performs as well as or better than other available species under eonditians tested to date (Table
1). However, it should be noted that most studies have reporied results of short-term evaluations, and did
not measure long-term efficacy that could result from superior persistenee in soil of a particular speeies.
Similarly, further evaluation ofindigenous nematode spccies may reveal eharacteristics that are advantageous
compared to eommercially available species.

The quality of formulated ncmatodes is also important when choosing a commercial product.
Entomopathogenic nematodes diffcr in their ability to remain viable when commercially formulated and
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Table 1 Repored efficacy of entomopathagenic nematodes against the citrus roat weevils Digprepes abbreviains and Vs ‘# i
Pachnaeus litus. ;
Approximate  Method and nof  Time of Percent
Nemalode rate/cin’ applications apphicavion  Swe olinal  Targel nost reduction® Reference
l. & robrove 110 Watering can (2 March/Sept.  Indian River  Diaprepes 98% " Bullock et a.
County Pachnoens 93% (1999
2. 8 rivbrave 110 Watering can (2) March Indian River  Diaprepes R2% Bullocx et al.
Counly Pachngeus B% (1999)
3. 8 nobrave 10 Walering can (1) March indian River  Dinprepes 35 Bullock e1 al.
Countx Pachnazus 63% (1999)
4. 3 robrave 11 Injection March Indian River  Diaprepes No control  Bullock et al.
L.V *irrication (1) {County Pachnaens (1999)
5. S riobrave NI Injection March Indian River Diaprepes 106% Bollock et al.
(2 mithenitreey LV brigation {1} County Pachaaes 00 {1999 etn‘ |
A
6. 5 riobrave ND. Injection March Indian Rirer  Diaprepes 51% Bullvck et al. d\%
2mihiondresy LY. irrigation (1) County Pachnaens 100% {1999)
7. S riobrave N.D. Herbicide March Indian River {Naprepes 98% Builock et al.
(1.6 milloniiree y applicatoc (1) County Paclnaeus 48% (1999)
8. 8 rivbreve 120 Waterng can (1} May Lake Coucty thaprepes 9% Duncan et al.
(1996)
9 8 riabreave 250 Waterng can (1) ctober Polk County  haprepes 77-90% Duncan &
McCoy (1996}
10. 5 rishrave N.ID. Walering can N.D. Greenhouse  Diaprepes 77-86% Schroeder
t3-9iem®) not test (1994)
L H bacieriophora 175-250 Watering can {1} May Lake County  Diaprepes 35% Duncan et al.
(1995)
12, H. bacteriophora 250 Walering can { 1) October Polk Coumty  Diaprepes  No control Duncan &
McCoy (1996)
13. H hacieriophora N.D. {7 appl.in3yr}  November Indian River Diaprepes Nocontrol  Adair {1994)
(Ctinem) (7.8 millionstree) Injection via County
L.V irrigation (1) Y
14. H. bacieriophora 127 Injccticn via Furly spring  Lake County  Diaprepes R3i% Downing ¢l al.
{ Otinem) 255 L.V, irrigation (1) T8% {1991}
637 69%
15 I bucteriophora 127 Imjection via Early spring Luake County fhraprepes 72% Downing el al.
1 Oun2m) 253 L.V. irrigation (1) 47% (1991)
637 S6%
16. i bacvteriophora 127 [ajection via Eacly spring Osceala Pachnacns 17% Downingel al.
{Utimein) 255 L.V irrigation (1) Counly 5$3% (198
637 76%
17. H. bacteriaphora 160 N.D. March Lake County  Diaprepes 58% Scheoeder
{Olinein} [1994)
H. bacreriophoro 160 N.ID. Masch Lake Coanty 26% ‘
{FL. strain)
N.T. = no daia.

PEfficacy defined as the percent reduction in larvae in soil or adults emerging from soil.
“L.¥.=Low volune.

quality control can vary among products and production batches. Nematodes in tiquid formulation cannot be
stored by the grower for more than 2-3 days and their viability is gencrally cvaluated just prior to shipment.

72




4

1 ﬂe

Alternatively. when using a granular fonnulaai.on, it is advisable for the user to have a means to evaluate the
motility of nematedes jnst prior to use. The propertion of motile nematodes is useful 1o estimate viability
which sometimes deleriorates markedly during permitted storage tumes as long as 1 montl.

APPLICATION TIMING AND FREQUENCY

Recommendations about when and how often to apply entomopathogenic nematodes have been inferred from
seasonality of emergence of adult insects from the soil, from estimates of nematode persistenee following
application, from research on physical causes of nematode montality, and by considering the cost of appiying
nematodes. However, significant gaps exist in our understanding of the insect population dynamies and the
spatial/temporal relationships between nematode density and efficacy.

Nematode persistence and natural control by nematodes

When entomopathogenic nematodes arc apphed 10 soil in Florida, their population density declines rapidly
(Fig. 3). Trrigation during and following nematode application increases the survival and efficacy of
nematodes (Downing, 1994); however, large numbers of nematodes remain near the soil surface and die
(Duncan & McCoy, 1996). Although recycling of exotic nematodes has been detected in experimental plots
in the field. the level of long-term insect management does not appear to be sigmficant. In a greenhouse
experiment in which S. riebrave were applied at various intervals to potted citrus seedlings that were infested
repeatedly with neonate larvae of D. abbreviarus, fibrous root weights of trees increased directly with the
number of nematode applications (Dunean & McCoy, unpublished). Compared to trees not infested by
weevils, fibrous roots of infested trees were reduced significantly even when treated monthly with
nematodes. These data suggest that very limited feeding by the insect is likelv 1o reduee Truit yield by
diverting carbohydrates to fibrous root growth, and that low persistence by the nematode requircs frequent
applieation to mitigate the problem.
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Figure3. Average reeovery of Steinernesma carpocapsae (5.¢.}, S. riobrave (S.r.), and

Heterorhabditis bacteriophora (H.b.) following application to soil beneath
4-year-old citrus trees. Reprinted by permission of Journal of Nematology.

Timc of day is also important when scheduling nematode applications (Fig. 4). Nematodes appiied beneath
the canopy of a tree survive in direct proporiion 1o their proximity to the tree trunk where evaporation of soif
moisture and exposure to ultraviolet radiation are least {Duncan ef al, 1996; Molyneaux & Bedding, 1984,
Gaugler & Boush, 1978). Application of nematodes in the evening provides the longest possible time for
their establishment before being exposed to desiccation and sunlight.



[ndigenous entomopathogenic nematades are ggnerally found to have highestactivity during summer months
in Florida (Beavers ef af., 1983) and elsewhefe (Doucet & Giayeno, 199§). These natural control agents
appear 10 be key mortality factors regnlating the population dynamics of citrus root weevils. Recent
experiments in Florida have found natural, nematode-induced mortality of D. abbrevicitus during summer
1o be as high as 40-50% after just 3 days in the soil (Fig. 5). Increased activity of indigenous nematodes
comeides with the onset of the characteristic seasonal depression in numbers of insects emerging from seil
(Fig. 6). Important questions regarding these as yet undescribed species include understanding their
incidence throughout the industry, whether the level of natural control is dependent on root weevil density.

and whether they are good candidates for augmentation by virtue of their ability to persist nnder Florida
conditions, or for other reasons. '
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Figurc4. Population densities of Heterorhabditis bacteriophorarecovered fram 100
cores of soil from a grid centered on a mature citrus trec. Nematodes
recovered | hour after application (A) and 7 days after application (B).
Note the inverse relationship hetween persistence and distance from tree
trunk (center of grid). Reprinted with permission of Joumal of
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Figure 5. Efficacy of Steinernema riobrave against Diaprepes abbreviatus in threc

experiments in a Florida citrus orchard. Insects were caged and buried
beneath trees for 3 days following nematode application. The first 20 trees
in rows received higher numbers of larvae than did trees at ends of rows,
as shown in Fig. 7. Mortality of weevils in untreated control plots was
caused primarily by an undescribed speeics of Steinernema.
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Insect population biology 7

Because neratodes attack insects in the soil and show little evidence of significant persistence, it is generally
assumed that nematodes will have the greatest effect if applied when numbers of insects in soil are highest.
Emergence from soil of D, abbreviarus and another species of root weevil, Pachnaeous fitus. 1s seasonal in
Florida, with maximum emergence in late spring (Fig. 6A). The data in Fig. 6A are from Tcdders traps
which are placed under the trce canopy and require insccts to climb a dark colored base into an elevated trap.
Tedders traps are more efficient than cone shaped traps placed on soil beneath tree canopies, and seasonal
patterns of adult activity are the same for both types of trap (MeCoy, unpublished). There are no comparable
census data for densitics of tusect larvae in soil; however, the adult ccnsus data suggest that the rate of egg
deposition in the tree canopy increases in Early summer. Thus, by autumn the surviving larvae in the soil
have likely reached a maximum density, because low winter temperatures greatly reduce ovipositional
activity. Astemperatures increasc in the spring, larval and pupal development continues until adults emerge
from the seil. Because larval development requires a miuimum of 4 moaths, it is likely that most Jarvae
which enter soil during mid-to-late summer emerge the following spring.
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Figure 6. Mean menthly number of insects trapped per 1.6-acre plots that were managed or

not managed to contrel citrus root weevils (A}, and mean curmulative numbers of
weeviis trapped during 18 months in the managed and unmanaged plots (B).
Weevil management consisted of use of foliar applied ovicides and adulticides and
applications of Steinernema riobrave in June and Oetober, 1998 and April, 1999.

Growers generally do not apply morc than 2 applications of nematodes per year for economic rather than
empirical reasons. Based on the pattern of adult emergence from seil. there is general consensus that an
application of nematodcs in the autumn presents the parasites with their greatest opportunity to locate insect
prey. A sccond application of nematodes in spring when soil tempcratures are high enocugh for nematodc
activity, but before adult emergence occurs, is practiced by many growers and researchers (e.g., Bullock
et al,, 1999). To reduce the deposition of larvae into soil followiug a springtime nematode treatmcent,
management of above ground stages of the inscct is recommended at peak adult emergence. It has also been
suggested that an application of nematodecs in summer, when rainfall and soil temperatures are highest,
provides the worms with ideal conditions for parasitism ar a time when natural control is highest (Knapp,
1998).
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Clearly, more realistic management modet‘g are needed to determine the optimum number and timing of
nematode applications. Such models will require a great deal of additional basic information on insect
population dynamics, and on questions such as effect of insect developmental stage on rate of neratade
infection. and on positive or negative inieractions between indigenous and exogenous nematade species.

APPLICATION METHODS
1

Entomopathogenic nematondes are applied to citrus either with herbicide application equipment or via
under-tree, Jow-volume irrigation systems. The latter method has the advantages of eliminating the cost of
driving equipment through the orchard and of depositing nematodes only in irrigated seil. However, the
spatial pattern of nematode deposition throughout a grove is less consistent when applied by irrigation than
with fractor-driven equipment. Nematcdes tend to seitle to the bottom of irrigation lines, particularly when
the flow rate is low as in drip-irrigation systems {(Conner é7 al., 1998). Micro-sprinkler irrigation systems
have higher flow rates and deliver nematodes more uniformly. Numbers of nematodes delivered to tree rows
is reasonably uniform with distance from the injection point (Fig. 7). A similar pattern is seen within thetree
rows, exeept that trees at the very ends of rows receive significantly fewer nematodes. due to changes in
water flow as water reaches the ends cf lines. In preliminary cxperiments, efficacy of 8. riobrave against
D. abbreviatus was only measurably affeeted at the ends of tree rows (Fig. 5). This deficiency can be
correcied by adding additional emitters or emitters with increased water delivery at the ends of rows.
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Figure 7. Relative numbers of nematodes delivered via micro-sprinkler irrigation to

rows of citrus trees with increasing distance from the injection point {at the
pump), and delivered within rows of trees frcm the beginning of the rows
to the ends of the irigation lines. Within rows, nematode delivery was
measured at 4 equidistanttrees, which ineluded the firstand last trees in the
TOws.

Various common-sense factors should be considered with regard to application equipment. Holding/mixing
tanks should be thoroughly cleaned of nematode-detrimental ehemieal residues from previous operations.
Nematodes should nct be combined with other chemieals to be applied to trees, The pH of delivery water
should not be excessively low or high. Artesian well water lacks sufficient oxygen for nematodes and should
not be used. Pumps that generate exeessive heat should not be used for njeeting nematodes into irrigation
systems or for maintaining nematodes suspended in holding tanks.



APPLICATION RATE Fy

Label rates for §. riohrave and H. bacierivophora in citrus are 200 militon and 100 million nematodes per
acre. respectively. However, the actual rate of application varies with tree age, bccause the under-eanopy
surface area of young trees is an order of magnitude less than that ol inature trees. Thus, reported application
rates {using labe) recommendations) vary from more than 200 to fewer than 20 nematodes per cm® soil
surface. Arthe higher rates, short-lerm efficacy agamst D. abbreviatus was found to be very high (85-95%;
Duncan ef a/.. 1996; Duncan & McCoy, 1996; Bullock er af., 19997, Onmature trees at the lower application
ratcs, efficacy has tended to be much lowey (Figs. 5 & 6B). Results shown in Fig. 5 are typical of 2 ongoing
expcriments and indicate a dosage response to §. riohrave rate. Efficacy of the nematode agamst
D. abbreviatus larvae buried bencath trees at the ends of rows was consistently lower than efficacy measured
beneath other trees in those rows. Trees at the ends of rows were shown to receive far fewer nematodes than
othertrees (Fig. 7). These modest estimates of short-term cfficacy arc confirmed by the cumulative numbers
of D. abbreviamus and Pachnaeus litus that were trapped in those plots during an 18 month period (Fig. 6B).
Moreover, nematode applications in this experiment were used in combination with other tactics to manage
the insect. [t should be noted that these results are in marked eontrast to those of a similar study in which
cumulative numbers of adult D abbreviatus trapped during one yvear were reduced by up to 95% by the
application of the label rate of S. riobrave (Bullock et af., 1999). Nevertheless, frees in the study by Bullock
et al. (1959) were relatively voung (7 years), and nematodes were applied by sprinkling can. suggesting that
the area treated was small.

The recommended application rate for S, riobrave has consistently produced very high short-term efficacy
against root weevils in voung trees. Results in maiure trees, where the effective application rate is lower,
have been consistently measurable, but variable in magnitude. The data suggest that further rescarch to
determine an expected dosage-response based on surfaee area treated is warranted. In Florida, sueh trials
should be conducted on the sandy seils in the eentral part of the state, and on the heavier soils along the
eoasts.

CONCLUSIONS

The nature of the life eycle of Diaprepes abbreviatus preseuts a sertous and complex management ehallenge
because insects arc continually recruited from soil to the tree canopy and fromt the eanopy to soil. Short-term
suppression of either the aboveground or belowground stages of the msect, independently of one another,
is unlikely to provide adequate control. However, in the absence ofhost resistance. IPM relies tncreasingly
Of nor-persistent, narrow-spectrum tacties t0 manage nsects with the least environmental disruption.
Entomopathogenic nematodes have becn found to have outstanding potential for use as acomponent of root-
weevil IPM. Nevertheless, breaking the insect reeruitment cycle requires a great deal of additional
knowledge in order to intervene with the correct tactics at the appropriate time.

Future research should evaluate the relative contribution to overall insect eontrol of current tactics to
intervene in the above ground (mainly insecticides) vs the below ground (insecticides or nematodes) stages
of the insect life eycle. Profitability of current IPM prograins should be evaluated to provide a baseline for
future management innovations. Population models and eeonomic thresholds relating population density to
root damage and damage to yield are wgently needed and require improved methods to monitor these msects.
Finally the diversity of ¢ntomopathogenic nematades should be exploited by further charaeterizing the
biology and biocontroi potentiat of known and yet to be discovered indigenous and exotie speeies.
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